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Abstract 
Ceramic bone scaffolds with both microporosity (<50µm) and macroporosity (>100µm) are 
known to enhance bone formation.  Including microporosity in a scaffold increases bone volume and 
distribution.  The integration of the bone with the scaffold is also improved as both cells and mineralized 
bone have been observed inside micropores.  However, until now, a mechanism to explain the increased 
bone formation and the presence of cells has not been proven.   
In this dissertation I present the first mechanism that explains enhanced bone formation and 
integration in micorporous hydroxyapatite (HA) scaffolds.  Microporous scaffolds can “self load” cells 
and molecules upon implantation via micropore-induced capillary forces.  The localization and 
entrapment of cells within the micropores forms a reservoir of cells that not only can begin the process 
of bone formation but can also signal other cells to further enhance the regeneration process.  I also 
demonstrate that micropore-induced capillary forces can be altered by changing parameters in the 
microstructure – namely pore size, pore fraction, and pore-interconnection size – and that the 
microstructure can be used to control the release rate of an incorporated drug or protein.  The 
identification of these parameters and their influence on capillary force and controlled release lays the 
foundation for optimization of microstructure in bone scaffold design.  The work in this dissertation can 
be applied to many types of tissue engineering as well as to microfluidic processes such as cell sorting.  
By proving and exploring the effects of microstructure and capillary forces in porous scaffolds, this work 
enables researchers to identify ideal microstructures for cell penetration and drug release that will 
result in faster and more complete healing of tissue defects.    
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1 Introduction 
1.1 Motivation 
Bone defects and their repair are a large and increasing problem.  Every year 1.5 million bone 
defect repairs are performed in the United States alone (1).  As the population ages, that number will 
only increase and the expense to the economy will increase as well (2).  The US currently spends $2.5 
billion on bone grafts and $1.5 billion on bone graft substitutes each year (1–4).  With the incidence and 
expense of bone defects increasing, effective bone graft substitutes will be increasingly important. 
The current standards for defect repair are autografts, a graft from the patient, and allografts, a 
graft from a donor, though each have associated problems (3).  Patients who undergo autografts 
frequently cite side effects in the donor site including pain (10%) or numbness (24%) (5–8).  Other 
common side effects include donor site morbidity, pain when performing recreational activities (18%), 
limited ability to walk (16%), and limited ability to work (10%) (5).  Allograft complications include 
disease transmission (7,9) and the need to take immunosuppressive drugs (10).  Utility of both auto- and 
allografts is affected by a limited supply (7,9).  While these procedures may be the current standard, it is 
clear that a better solution is needed. 
1.2 Hydroxyapatite for bone scaffolds 
Hydroxyapatite (HA) is a calcium phosphate ceramic that is a strong candidate for bone graft 
substitutes.  This ceramic fulfills the requirements for a bone graft substitute because it is biocompatible 
and osteoconductive, so the HA will not be rejected by the patient’s immune system and bone will form 
on the HA surface (8).  It is also nearly identical to the mineral portion of bone (8).  Some proteins bind 
to HA, potentially increasing the rate of bone formation (11).  With all of these advantages, HA is 
currently used in the clinic in dentistry applications, maxillofacial repairs (8,12–14), and as a coating for 
titanium implants (15,16).   
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Ceramics like HA are not the only materials being investigated for use as a bone graft substitute 
– polymers and metals are two other commonly researched materials.  While metal scaffolds are load 
bearing, bone integration is poor (15,16).  Polymers have a wide range of mechanical properties and 
degrade over time (17,18).  While some consider degradation an advantage, the components that result 
from the degradation of some scaffolds are detrimental to the healing process (19).     
While there are many potential materials for bone graft substitutes, HA is well suited to make 
the transition from research to clinic.  The material has already been used in the clinic for many years 
(8,12–14).  HA scaffolds with micro- (<50µm) and macroporosity (>100µm) have the ability to 
incorporation cells (33) and allow for fluid perfusion (19).  Advancements in directed deposition, or 
direct write, techniques suggest that they have the potential to be made into complex 3D architectures 
(20,21).  The HA scaffolds fabricated with directed deposition provide mechanical stability – they are 
stronger than polymers and fall between cortical and cancellous bone in terms of strength (22) - though 
they are brittle (9).  The ability of HA to incorporate cells and allow perfusion, to be made into complex 
shapes, and to provide mechanical stability satisfy the requirements suggested by Holliester and Murphy 
for any viable bone graft substitute (23). 
1.3 Macroporosity in HA scaffolds 
 Macropores, or pores greater than 100µm, enable bone ingrowth and allow fluid perfusion in a 
bone scaffold to deliver nutrients and remove waste (19,24–26).  Though fluid transport via macropores 
in large defects, 15mm or greater (28), is not always sufficient to fully heal a defect (19).  Researchers 
have determined through animal models that, in HA scaffolds, macropores on the order of 300-500µm 
are ideal for ingrowth, and that pore sizes less than 100µm are not large enough to allow for bone 
formation (19,24–26).  However, recent work in the Wagoner Johnson lab has shown bone can form in 
pores 5µm in diameter (33).  In order to maintain the ceramic scaffold stability, 60% porosity is the 
maximum possible pore fraction.  Lower pore fractions, between 40-50%, provide the best balance 
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between bone ingrowth and scaffold stability (24).  However, there is variation in strength for any given 
pore fraction depending on the pore architecture.  Researchers have shown that the mechanical 
properties of the scaffold can be tailored while maintaining a constant pore fraction by modifying the 
macropore size and shape (27).   
1.4 Microporosity in HA scaffolds 
Micropores, or pores ≤50µm, have been shown to enhance bone formation in HA scaffolds with 
macroporosity (26,29–33).  An enhancement in bone formation in the presence of microporosity has 
been measured in various ways by the different research groups who have studied it – as an increase in 
mineral apposition rate (29), an increase in percent bone fill (30,31), an increase in cell proliferation and 
uniformity (25), and an increase in amount of bone in contact with the implant (32).  Work in the 
Wagoner Johnson lab has demonstrated an increase in the uniformity of the distribution of bone (30) 
and a decrease in healing time (30).  Additionally, the group has reported an increase in bone 
integration through the presence of cells and bone in micropores an order of magnitude smaller than 
previously thought possible (26,33).  While there is agreement in the literature on the positive effect of 
microporosity on bone formation, there is little agreement on how the microporosity leads to that 
enhancement and not even a theory as to how or why cells enter such small micropores.   
Many mechanisms have been suggested for the enhancement in bone regeneration in HA 
scaffolds.  Some researchers point to an increase in specific surface area (SSA) in microporous (MP) 
scaffolds over non-microporous (NMP) scaffolds to explain the enhancement.  The higher SSA causes an 
increase in the dissolution rate, which would more rapidly release calcium and phosphorous needed for 
mineralization (32,34).  Another theory is that the re-precipitation, and not the dissolution, is key – 
growth factors could potentially co-precipitate onto the scaffold with the newly forming biological 
apatite or bone.  The localized growth factors could recruit bone forming cells, enhance proliferation, 
and direct differentiation (32).  Surface energy and roughness have been suggested as a mechanism for 
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increased cell and protein attachment in MP scaffolds (34).  Others have noted that scaffolds with larger 
interconnections were more successful in bone generation, but did not postulate as to why (35,36).  
While all of these mechanisms have been suggested, and are indeed plausible, no one has provided 
evidence to definitively support their theory. 
Microporosity can be introduced into a scaffold in several different ways that result in 
substantially different micropore size, distribution, and fraction.  The most common methods include 
incomplete sintering, slip foaming, and the use of sacrificial porogens (29,32,37).  Incomplete sintering 
results in different sizes micropores depending on the sintering time and temperature, slip foaming uses 
a foaming agent to generate pores, and sacrificial porogens burn out previously incorporated beads of 
the desired micropore size and fraction.  Of these, sacrificial porogens offer the most control in pore size 
and pore fraction (29,32,37).  Sacrificial porogens are used in this study to make HA substrates and 
scaffolds with a range of controlled pore sizes and fractions. 
Clearly there are many possible factors involved in the effect of microporosity on bone 
formation, but there is no proof of a specific mechanism responsible for growth enhancement.  If 
researchers cannot explain the effect of microporosity, they cannot control, exploit, or optimize it.  To 
fully take advantage of microporosity, the mechanism behind the enhanced bone formation in the 
presence of microporosity must be elucidated. 
1.5 Capillary forces 
 Capillary force is driven by the attraction of a liquid to a solid.  It is a function of the surface 
tension of the liquid, the contact angle between the fluid and solid, and the amount of contact between 
the liquid and the solids, called the “wetted perimeter” (38).  Typically capillary forces are used in 
chromatography to separate different liquids or suspended particles based on their affinity for the solid 
(39).  The construction industry has long been concerned with capillary force induced transport of fluid 
though materials like concrete (40–42).  Similarly, the environmental industry is interested in capillary 
5 
 
forces for leaching of oil and water through tanks and reservoirs (43).  More recently, microfluidics have 
taken advantage of capillary forces in designing devices like micro-pumps for chromatography and 
sensors for cell capture and analysis (44,45). 
In tissue engineering, capillary forces have been used mainly in patterning and assembly of 
structures.  Capillary force lithography utilizes capillary forces to the pattern of polymer films for 
biomaterials (46–48).  Capillary forces have also been used for self-assembly of particles or sheets 
(49,50).  Though until now, no one has used capillary forces as a design consideration in porous 
scaffolds.  In the work presented here, I show that capillary forces, while typically not considered in 
bone tissue regeneration, are central to many aspects of HA bone scaffolds and substrates..   
1.6 Motivating findings from the Wagoner Johnson lab 
HA scaffolds containing both macroporosity and microporosity have proven to be more effective 
in bone regeneration than in scaffolds with only macroporosity (26,29–32)).  Initial work using 
intramuscularly implanted HA scaffolds showed that, even with bone-morphogenetic protein, bone 
formation only occurred in MP scaffolds (31).  In more recent in vivo studies using porcine mandibles, 
bone and cells were seen in the micropores of the scaffold (33,51).  Bone formation was enhanced in 
terms of volume, distribution, and healing time in the MP scaffolds (30).  These quantitative results (52) 
revealed the level of bone integration with the scaffold micro- and macrostructure. 
Work on fabrication of these MP scaffolds has focused on deposition control and progressed 
closer to fabrication of complex, anatomically relevant, 3D structures.  Directed deposition, particularly 
with iterative learning control (ILC), has increased the precision and repeatability of the structures 
generated (20,37,53).  With these advancements increase researchers’ ability to generate custom 
scaffolds with well-controlled porosity on multiple length scales. 
Despite all of these advancements and results, no one knows why microporosity enhances bone.  
There is also no mechanism to explain the results showing cells and bone in such small (<10µm) pores.  
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Without knowledge to explain these results, the precision allowed by directed deposition cannot be 
exploited.  Until the mechanism is identified, bone scaffolds design will not be truly engineering; it will 
remain a combination of science and art. 
1.7 Thesis statement and outline 
We hypothesize that by adjusting the scaffold microstructure – pore size, pore fraction, and size 
of the interconnections between pores – we can control microstructure-induced capillary forces to draw 
in cells and molecules.  The microstructure can also be tailored to alter the release of molecules and 
potentially drug carriers.  By adjusting the microstructure, cell-type selection and control of the 
penetration depth may also be possible.  By localizing and loading cells and proteins, the scaffold 
becomes a reservoir for growth factors and cell signals.  Bone would be formed from both the bone 
defect boarder and from within the scaffold itself.  This pattern of formation could result in faster 
healing times and in a higher level of bone integration and composite strength.  This work is the first to 
demonstrate how cells can be drawn into micropores, thereby explaining how bone could form from 
within the scaffold as well as from the defect borders.  Perhaps more importantly, this work is the first 
to present design parameters identifying the effect of pore size, pore fraction, interconnections and the 
relative importance of each in penetration and release.    
The thesis addresses the four Aims.  In Chapter 2 (Aim 1) I determine the role of micropore-
induced capillary forces when the scaffold is implanted and show that cells can be drawn into the 
micropores.  In Chapter 3 (Aim 2) I demonstrate that capillary forces can be manipulated through 
microstructural modification.  In Chapter 4 (Aim 3) I determine the effects of scaffold microstructure on 
protein incorporation and release.  In Chapter 5 (Aim 4) I present and discuss micro- and macrostructure 
design considerations for scaffolds fabricated by directed deposition.  I also show, qualitatively, that 
beads, simulating cells, are localized preferentially to regions of scaffold rod-to-rod contact.  Chapter 6 
contains the summary of the results, contributions, and conclusions of the thesis.  An appendix presents 
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the results from a scaffold vascularization study using the chorioallontoic membrane (CAM) assay.  All 
Matlab codes are included in the appendix as well.   
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2 Capillary force localizes and entraps cells and proteins 
2.1 Introduction 
The goal of this chapter is to introduce capillary forces associated with microporosity as a specific 
mechanism for self-loading calcium phosphate (CaP)-based bone scaffolds with cells. More specifically, 
we show that CaP scaffolds containing both macroporosity (>100m) and microporosity (<50m, Figure 
2.1a-c) localize cells to the CaP surface and entrap cells in micropores.  We hypothesize this mechanism 
accounts for cells and bone found in pores smaller than the cells themselves (1,2) and contributes to the 
enhanced bone regeneration and seen in our work and that of others (1–8).  We also present capillary 
forces as a mechanism for loading scaffolds with drugs for controlled drug delivery.  
Porosity is one of the most basic scaffold requirements in scaffold-based bone repair and it is 
likely the characteristic that has received the most attention. There is a seemingly endless range of 
possibilities for combinations of pore size, fraction, connectivity, and geometry.  Even so, progress in 
scaffold-based bone repair, or tissue engineering, in the clinic has been marginal (9).  There is little 
understanding of the mechanisms governing bone growth in the presence of porosity and therefore no 
definitive design rules to guide research.  
The minimum requirements for porosity based on literature are that pores must be 
interconnected and greater than 100-300m for bone ingrowth.  In fact for decades researchers have 
asserted that bone growth cannot occur in pores smaller than this range (5,10).  More recently, research 
has shown that microporosity in addition to the requisite macroporosity, or multiscale porosity, 
enhances bone regeneration in CaP-based scaffolds (1,3–5,10).   However, the mechanism or 
mechanisms responsible for the enhanced bone regeneration in the presence of multiscale porosity 
have not been validated.   
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Mechanisms previously hypothesized to play an important role include surface roughness, protein 
attachment, and precipitation of biological apatite, all of which are associated with increased surface 
area in the presence of microporosity (4,11–13).  With so many variables that all change as pore 
characteristics change and with the challenges associated with in vivo studies, the barriers to 
understanding the role of microporosity are significant.  The work presented here seeks to clarify this 
role. 
Contrary to the long time assertion of minimum pore size for bone regeneration, we 
demonstrated, for the first time, that cells and bone populate micropores in our scaffolds containing 
multiscale porosity (1,2) (Figure 2.1b-d).  At 5µm in diameter these micropores are two orders of 
magnitude smaller than the reported minimum size for bone integration.  This work explains how this is 
possible.  In addition to having bone and cells in micropores, microporous (MP) scaffolds, or scaffolds 
with microporous rods (Figure 2.1c), had a larger volume fraction of bone, bone that was more 
uniformly distributed, and a shorter healing time when compared to non-microporous (NMP) scaffolds 
(Figure 2.1b).  In fact, shown using a multivariate statistical analysis, microporosity had an overall larger 
effect on bone regeneration than did the known osteogenic growth factor, BMP-2 (3).  
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Figure 2.1 Characteristics of CaP scaffolds on interest.  (a) Optical image of a representative CaP lattice with 
orthogonal rods and a schematic of the lattice including dimensions.  The rods in a given scaffold are either non-
microporous, NMP, (b) or microporous, MP (c).  Scale bar is 20µ.  (d) Optical histology image adapted from a 
previously published in vivo study showing cells in a microporous scaffold rod (1).  The sample was stained with 
Sanderson’s rapid bone stain and counter-stained with acid fuchsion.  Pink/red is mineralized tissue ( ), dark blue 
spots are cell nuclei    ( ), and the dotted line demarcates the scaffold edge.  Scale bar is 50µm.   
 
In this work we propose new, yet simple mechanism to account for both the cells and bone within 
micropores observed in our work, and for the enhanced bone regeneration seen by us and others in the 
presence of macro and microporosity (1,3–5,7,8,13–15).  We hypothesize that capillary forces are 
responsible for cell localization to the material surface within the scaffold and for “self-loading” scaffold 
micropores with bone forming cells at the time of implantation.  To support this hypothesis, we first 
simulate the porous microstructure, which allows us to determine the capillary pressure generated by 
the specific microstructure of interest (Figure 2.1c).  Using capillary rise experiments, we validate this 
model.  We then calculate the critical capillary pressure for each of several types of cells to enter a single 
pore of similar size and compare this to the capillary pressure for the microstructure.  These results 
support the hypothesis that capillary forces can draw some cells into the micropores, effectively self-
loading the micropores and trapping the cells.  Next, we show that capillary forces also localize cells to 
the substrate surface, which would obviate the need for cells to migrate into the scaffold from the 
defect periphery and could contribute to enhanced regeneration for cases in which micropores were too 
small for cells to enter. We find through additional experiments that different cell types penetrate 
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further into the microporous substrate and that the measured depths are consistent with the published 
cortical tension and the size of the cells in the experiment.  We show that small, non-deformable 
particles penetrate deep into the microstructure, indicating that capillary forces could also be used to 
sequester particles to micropores as a novel mechanism for controlled drug delivery.  Finally, we show 
results from an in vivo porcine study showing cells in scaffold micropores just 30 minutes after 
implantation.  
2.2 Materials and Methods 
2.2.1 Cell localization 
Two different types of substrates were used in the in vitro cell localization experiments.  The 
substrates were homogeneous disks 0.74mm in height made with MP or NMP CaP or they were 
composite 1.31mm in height with one hemi-circle MP HA and the other hemi-circle NMP HA.  Each 
substrate was fabricated using directed deposition as described in previous work (3, 28, 30) and 
explained in Section 2.2.4.  Substrates were either seeded with cells as fabricated or after submersion in 
PBS.  This resulted in four different treatments – MP dry, MP wet, NMP dry, NMP wet.  
D1 cells were prepared by staining with CellTracker™ Green CMFDA (Invitrogen, Grand Island, 
NY) and seeding on the substrates at a concentration of 3x105 cells/ml.  The cells were allowed 15 
minutes to adhere before rinsing and imaging with a fluorescent microscope (Zeiss Axiovert 200M, 
Beckman ITG) 10 minutes later.  Cells in five randomly selected regions on each substrate were counted 
to determine a cell density for each substrate. 
2.2.2 Bead and cell penetration – Beads, E1s, MSCs 
Polystyrene beads were used as a proof-of-concept to demonstrate that the capillary force 
generated by the MP scaffold is sufficient to draw cell-like particles into the micropores.  The MP 
substrates were 10x20x0.3mm sheets with a void fraction of 0.46 and a pore diameter of 5.31±4.07µm 
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(3, 16).  SPHERO™ high intensity fluorescent beads (Spherotech, Crystal Lake, IL) with a diameter of 1.84 
µm were diluted 1:20 with DI water from the 1% w/v stock solution.  A microscope slide was affixed to 
the bottom of a 10cm diameter petri dish.  20µl of the diluted bead solution was pipetted along the 
edge of the top of the slide.  The MP substrate was slid in contact with the edge of the slide just bringing 
the substrate and the bead solution in contact (Figure 2.5a).  The same experiment was repeated using 
both osteoblast-like MC-3T3-E1 subclone 4 cells (ATCC, Manassas, VA), primary mesenchymal stem cells 
(MSCs), and preosteoblastic D1 cells all tagged with CellTracker™ Green CMFDA (Invitrogen, Grand 
Island, NY) and resuspended to a concentration of 5x105 cells/ml.     
2.2.3 Capillary Rise 
The 2D MP porous substrates, 3x4x45mm, were suspended above a beaker of water and put in 
contact with the water at the beginning of the experiment. The height of the water as it rose through 
the microstructure was recorded at regular time intervals.  The maximum height measured for the 
substrates with smaller pores was greater than the height of the substrate.  Therefore, an equation was 
fit to the height versus time curve and the maximum height was determined to be 57mm (Figure 2.2).  
The maximum height for the substrates with larger pores was 42mm.   
 
Figure 2.2 Capillary rise.  The height of the fluid in the substrate versus time.    = 4.9µm diameter pores.     = 
9.6µm diameter pores. 
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2.2.4 Scaffold fabrication 
Scaffolds were fabricated using a direct deposition system (3, 16, 29, 30).  Hydroxyapatite (HA) 
powder (Riedel-de Haen, Seelze, Germany) was calcined at 1100°C for 10 hours.  The powder was then 
ball-milled in 100% ethanol for 14 hours and then dried at 125°C for 15 hours.  This process broke up 
aggregated particle and improved the uniformity of the particles. 
The mass of the HA then determined the volume of deionized water and Darvin 821A (R.T. 
Vanderbilt, Norwalk, CT) to be added.  The water and Darvin were mixed together and the pH was 
adjusted to 10 using 5 molar NH4OH.  The HA powder was added gradually to this solution with 
sonication between additions.  The HA slurry was then mixed on a paint shaker for 1 hour before being 
centrifuged for another hour.  The excess liquid was then removed from the post-centrifuged slurry.  
The remaining material was placed again in the paint shaker before a 2g sample was removed for 
testing. 
The sample was weighted before and after kiln drying to determine the solids loading 
percentage of the slurry.  This value was used to calculate the final additions to the slurry.  Water, 
methocel, and 1-octanol were added the slurry along with the sacrificial porogens used to create the 
porosity.  Poly-methyl methacrylate (PMMA) microspheres (Matsumoto Microsphere M-100, Tomen 
America, New York,NY) were used in this study.  After mixing on the paint shaker, 1M HNO3 was added 
to make the final rheologic adjustments to the ink.  Once the appropriate consistency was achieved, 
poly(ethyleneimine) (PEI) was added as a gelling agent. 
Rectangular lattices made up of orthogonal rods were deposited using a 0.51mm nozzle tip 
(EFD).  The parameters used in the program were as follows:  
  Rows = 25 
  Columns = 13 
  Layers = 28 
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  Row spacing = 0.96 
  Layer height = 0.390 
One-layer substrate sheets were fabricated using a 0.61mm nozzle tip with the following parameters: 
  Rows = 2 
  Columns = 23 
  Layers = 1 
  Row spacing = 0.45 
  Layer height = 0.45 
After deposition the lattices remained in the lamp oil to set.  After 12 hours the oil was drained 
and the lattices allowed to dry for at least another 12 hours to a green set.  The scaffolds were then 
sintered in a process that ramped temperature setting up to 1300°C.  Ink additive and PMMA were 
burned out at 900°C.  The lattices and 1-layer sheets were held at the maximum sintering temperature 
for 2 hours before the temperature gradually decreased to room temperature.  At this point the 1-layer 
sheets were complete. 
The lattices, however, required further manufacturing steps.  The lattices were then vacuum 
embedded in wax prior to machining.  Each lattice was end-milled to create two 5mm diameter scaffolds 
of approximately 8mm height.  The wax was burned out of the scaffold by heating them to a 
temperature of 525°C for 1 hour.  The scaffolds were sterilized prior to implantation via autoclaving. 
2.2.5 In vivo porcine study 
Three month old male Yorkshire pigs of approximately 59kg were used as the animal model for 
this study (IACUC protocol #20110141).  Animals were implanted with 5mm MP scaffolds that were 
either dry or that had been soaked in saline prior to implantation.  The scaffolds soaked in saline had to 
be tapped against the container wall to ensure all the trapped air had left the scaffold.  The scaffolds 
were placed in 5mm diameter bicortical defects created using a Dremel rotary tool (Robert Bosch Tool 
20 
 
Corp, Racine, WI) and bone trephine.  Each hemi-mandible had three defects created for a total of six 
defects per animal.    
Surgeries were performed at Washington University in St. Louis, MO.  The animals were sedated 
using a TKX cocktail (Telazol, Ketamine, and Xylazine) at 1ml per 50 pounds weight.  A retromandibular 
incision was made through the skin and through the subcutaneous tissue, avoiding the facial vein and 
artery.  At the inferior boarder of the mandible the periosteum was reflected to expose the mandible.  
The Dremel rotary tool with a trephine bur was used to create the defects.  Constant irrigation with 
saline was required to maintain the integrity of the tissue.  Scaffolds were fit into the defects and 
remained in the animal for 30 minutes.  Longer time-point scaffolds for another study needed to remain 
in the animals for two weeks.  For animals with the longer time-point scaffolds the periosteum, muscle, 
subcutaneous, and skin layers closed in a continuous pattern.  All post-operation care was administered 
by the Washington University animal care staff.       
2.2.6 Histology 
Scaffolds removed from the animals after 30 minutes were immediately placed in 5% formalin.  
After 12-24 hours the samples were dehydrated in increasing concentrations of ethanol before PMMA 
embedding.  On day one of embedding the samples were placed under vacuum in a 1:1 mixture of 
methyl methacrylate (MMA) monomer (Acros 127140010) and ethanol.  On day two, the samples 
remained under vacuum and were placed in a 100g MMA per 1g benzoyl peroxide (Aldrich 17,998-1) 
mixture.  On day three, the samples remained under vacuum in a 100g MMA per 1g benzoyl peroxide 
per 20g PMMA (Acros 41806-0010) mixture.  After 24 hours the samples were moved to a 25°C water 
bath.  The temperature was increased by ~1°C per day until the samples polymerized.  Upon 
polymerization the samples were cured at 60°C for 1 hour. 
Samples were then removed from their containers and mounted to wooden posts prior to 
diamond saw sectioning.  Sections were cut approximately 1.2mm thick and mounted onto acrylic slides.  
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The slides were polished using a series of sand paper grits down to <200µm.  Samples were then stained 
with Sanderson’s rapid bone stain and imaged using light microscopy (AxioImager A1,  Ziess, Inc, ITG).   
2.3 Results  
2.3.1 Model predicts capillary forces in a porous rod 
In order to determine whether capillary forces will localize cells to the scaffold material surface 
and draw cells into the microporous network, we determined the capillary pressure generated by the 
specific microstructure of scaffold rods used in our previous in vivo studies (1–3,7) (Figure 2.1).  We 
developed and validated a model of the system by first simulating the microstructure (Section A.2).  
Using parameters determined from the simulated structure in the equation for capillary force, Fc, in a 
capillary tube (Eqn. 2.1), we calculated the capillary pressure cells would experience in the radial 
direction in a porous cylinder.  To our knowledge, a model of the capillary pressure for such a system 
does not exist.  
The capillary force in a single capillary with a radius of r depends on the contact angle, α, 
between the fluid and the solid and the surface tension, σ, of the fluid according to Eqn. 2.1.  The 2πr 
term represents the perimeter of the capillary in contact with the fluid, or the wetted perimeter (Figure 
2.3a).  The contact angle and the surface tension are properties of the material and the fluid. 
          ( )   (2.1) 
In order to determine the capillary pressure in a porous cylinder of radius Rcyl, we calculated the 
resulting wetted perimeter for the specific microstructure shown in Figure 2.1c as a function of radial 
position in the cylinder.  We simulated the microstructure using a custom algorithm in Matlab© by 
populating non-overlapping spheres, representing the pores, in a defined volume with height of 10µm 
and a range of areas, A (Figure 2.3b).  Ten cross-sections taken at one-micron increments through the 
height of the volume give ten representative two-dimensional sections containing circles (Figure 2.3c).  
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The sum of the perimeter of all the circles in a given section gives the total wetted perimeter of each 
section (Figure 2.3c, top).  The average wetted perimeter, Pw, is then calculated from the ten sections.  
By varying the area in the Matlab© program, the linear relationship between wetted perimeter and area, 
with slope C, can be determined (Eqn. 2.2, Figure 2.3d).  
 
Figure 2.3 Capillary forces in a microporous, cylindrical rod are determined using a simulated microporous 
network. (a) Schematic of capillary forces in a single capillary tube with radius r, surface tension σ, and contact 
angle α.  The perimeter of the capillary is highlighted.  (b) A representative volume of the simulated microstructure.  
Each colored sphere represents a micropore in the cylindrical rod.  Units are in micrometers.  Cross-sections (c) were 
taken at one-micrometer increments through the volume 10m high for a range of cross-sectional areas, A.  The 
top image in (c) highlights the wetted perimeter in blue and the bottom of (c) highlights the void area.  (d) A 
schematic representation of the relationship between wetted perimeter, Pw, and void area, Av, with slope C. 
 
The algorithm can be applied to any porous microstructure.  The constant, C, determined for 
this microstructure was 0.6812µm-1.  The wetted perimeter determined for this microstructure was then 
applied to our cylindrical scaffold rod in order to calculate the wetted perimeter per unit length, (Eqn. 
2.3).  By combining equations 2.1 and 2.3, we obtained an equation for the capillary force in a porous 
cylinder.  This could then be converted to pressure, the quotient of the capillary force and the void area, 
εA, where ε was 0.46 from previous work (16).  The pore size distribution was 4.86 ± 3.62, also from 
previous work (16).  Thus the model relates contact angle, surface tension, surface area, and 
microstructure to the capillary force, or pressure, generated by the microstructure (Eqn. 2.4).  
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            (2.2) 
  
 
             (2.3) 
                 ( )   (2.4) 
To validate the model we determined the pressure drop across a 2D, porous substrate using a 
simple capillary rise test for two different microstructures and then calculated the respective contact 
angles required to generate those pressures.  One microstructure had nominally 4.9µm diameter pores, 
Figure 2.1c, and the other had 9.6µm pores. Both substrates had void fraction of 0.46. The substrates 
with 4.9 µm and 9.6µm diameter pores had maximum heights of 57mm and 42mm, respectively.  Using 
the equation for hydrostatic pressure (Eqn. 2.5), the pressures in the substrates with 4.9µm and 9.6µm 
diameter pores were 559Pa and 412Pa, respectively, with corresponding contact angles of 89.3° and 
89.2°.  Equivalent contact angles were expected given that contact angle is a property of the material 
and fluid.  The surface tension for water used in the calculation is 0.072 N/m (17).     
         (2.5) 
To further validate the approach, we measured the contact angle of a solid, non-porous 
substrate using a Canon© EOS-5D Mark II SLR digital camera.  Five measurements were taken with the 
average of 89.8 ± 5.0°.  The measured contact angle was consistent with the results from the capillary 
rise test and therefore also further validated the model of the simulated microstructure.   
Based on the results described, we concluded that our model representing capillary forces in a 
porous cylinder was accurate and that the model could be used to predict forces for different simulated 
microstructures with a range of pore sizes and pore fractions for this material.   
24 
 
2.3.2 Pressure from capillary forces draws in select cell types important for bone 
formation 
We next compared the calculated pressure generated by the microstructure to the critical 
pressure, Pcrit, required for a single cell to enter a capillary tube using Yang’s equation (Eqn. 2.6) (18) and 
data in the literature (19–27), when available, for several cell types (Table 2.1).  This estimates whether 
the pressure generated by the microstructure is sufficient to draw cells into the microporous network. 
The critical pressure depends on the pore radius, Rp, cell radius, Rc, and the cortical tension of the cell, 
γten (Eqn. 2.6) (18).  The average pore radius from the in vivo study, 2.5µm, was used for Rp.  A summary 
of the results is in Table 2.1. 
           (
 
  
 
 
  
)   (2.6) 
Neutrophils, with both a relatively small radius and cortical tension, had the lowest critical 
pressure at 7.77Pa.  On the other hand, endothelial cells and chondrocytes, with a relatively high cortical 
tension, had a critical pressure of 782Pa.  The large range of critical pressures indicates that the 
microstructure could potentially be tailored to select specific cell types.  In the previous section we 
estimated the capillary pressure in the scaffold rods at 584Pa.  Therefore, based on the work thus far, 
the microstructure in Figure 2.1c would generate large enough capillary forces draw in neutrophils, 
osteoblasts, and MSCs. 
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Table 2.1 Calculated critical pressures for a cell to enter a single capillary and cell penetration distances in 
microporous substrates.  Critical pressures required for different cell types to enter a pore with a radius of 2.5µm.  
Neutrophils require the least pressure, while chondrocytes require the most.  Penetration distance determined 
experimentally for three cell types used in this study is given.  E1s penetrate the greatest distance and the 
difference was statistically significant (p<0.001).  Data obtained from the literature are indicated by the adjacent 
reference.  Other values were not available (N/A) or were measured experimentally.  *The cortical tension for MSCs 
was used for osteoblasts, however the osteoblast cortical tension should be less than the MSC cortical tension due 
to the osteoblast’s similar elastic modulus (27) but smaller radii (23,24,26).   **The cortical tension for osteoblasts 
was used for the E1s cells. 
 
2.3.3 Capillary forces localize cells to microporous (MP) substrate surface 
A critical step for bone regeneration within a scaffold is for the relevant cells to reach the 
surface of the scaffold material, throughout the 3D scaffold structure.  In fact this critical step may be 
the limiting step in healing of large defects.  Even for small defects the distance cells must travel relative 
to their size is significant.  Cells may reach the scaffold surface may occur by migration from the defect 
periphery in many cases, but this mechanism alone may prolong regeneration and/or result in 
incomplete healing, depending on the size of the defect.   
The experiments described clearly demonstrate cell localization resulting from capillary forces 
alone. We seeded cells on the top surface of 2D substrates in the presence and absence of capillary 
forces, and measured the density of a murine pre-osteoblastic cell line (D1s).  To isolate the effect of 
capillary forces, we used two types of substrates, NMP (Figure 2.1b) and MP (Figure 2.1c), and two 
different initial conditions, PBS-soaked and dry.  Of these, only the dry MP substrates could generate 
capillary forces.  Soaking the substrates, thus filling the pores with PBS, eliminated capillary forces, but 
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still maintained other surface properties such as surface roughness, pore size, and pore fraction.  
Comparing MP and NMP substrates separated the effect of the microstructure from the wet or dry 
surface.   
Significantly more cells localized to the dry MP substrates as compared to both PBS-soaked 
substrates and the dry NMP substrates (Figure 2.4a,b).  Cell density was five times greater on dry MP 
substrates as compared to dry NMP substrates, and eleven times greater than on PBS-soaked MP 
substrates (Figure 2.4d).  The stark contrast is apparent in a composite substrate that shows a distinct 
boarder between the MP and NMP domains (Figure 2.4e-i).   
As the capillary forces were the only variable of the dry MP substrate not present in any of the 
other substrates, we attributed the cell localization to these forces.  In vivo, this cell localization by 
capillary forces would draw cells to the surface of the scaffold rods, drawing in cells relevant to bone 
formation deep within the scaffold and removing the dependence on cell migration to the surface for 
bone regeneration.  This mechanism could lead to faster healing and the ability to heal larger defects 
than was previously possible.  
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Figure 2.4 Capillary forces localize cells.  Column (a) shows the density of D1 cells on MP substrates for dry (top) 
and PBS-filled (bottom) substrates.  Column (b) shows the cell density on NMP substrates for the same cases as in 
(a).  All images are shown at 20x. (c) Schematic of capillary force hypothesis.  Dry MP substrates will actively draw 
in cells and proteins in solution.  MP substrates with fluid-filled pores must rely on cell migration and diffusion for 
cells and proteins to localize.  (d) Dry MP substrates have a greater cell density than any of the four substrates 
(p<2.5E-5).  The cell density of the dry MP substrate is eleven times that of wet MP substrate, and five times that of 
dry NMP substrate.  There is no difference between NMP dry, NMP wet, and MP wet substrates (p>0.05). (e) 
Composite substrate demonstrating cell localization.  The upper hemi-circle is made of NMP CaP while the lower 
hemi-circle is made of MP CaP.  Scale bar = 500µm. (f-i) scanning electron microscopy (SEM) images of MP and 
NMP substrate surfaces with D1 cells. Cells were stained with Cell-Tracker Green (CellTracker™ Green CMFDA) for 
fluorescent imaging.  
 
2.3.4 Capillary forces draw cells into microporous network with cell-type depth 
dependence 
Next, we investigated whether capillary force, or pressure, generated by the microstructure was 
sufficient to draw cells into micropores and, if so, if the cell penetration depth was cell-type dependent.  
Experiments designed to constrain the cells to travel primarily in one direction in order to measure the 
linear distance traveled were conducted; the surface localization experiments did not allow us to 
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measure this distance.  Fluorescently tagged cells (CellTracker™ Green CMFDA) were suspended in 
solution and pipetted on the long edge of a glass microscope slide.  A dry MP substrate was brought into 
contact with the edge of the slide and the cell suspension wicked into the substrate (Figure 2.5a).  
Penetration of three types of cells was measured – a murine osteoblast cell line (E1s), D1s, and primary 
rat MSCs.   
 
Figure 2.5 Capillary force experiments show cell-type penetration depth and bead penetration.  (a) Schematic 
representation of the experimental procedure.  The substrate (dark grey) was brought into contact with the 
solution containing either cells or hard beads on the edge of the slide.  This resulted in bead/cell motion due only to 
capillary forces. (b), (c), and (d) are representative images of E1, MSC, and D1 cell penetration, respectively. (e) 
Fluorescent image of the substrate after contact with the bead solution.  The edge of the substrate that contacted 
the coverslip is at the bottom of the image.  The dark region directly above the region containing the fluorescent 
beads is the remainder of the substrate through which the beads did not penetrate.  (f) Average measured distance 
traveled by each cell type.  The E1 cells penetrate significantly further than the MSCs and D1s (p<5E-5).   E1s (g) and 
D1s (h) in solution imaged using bright field microscopy. E1s have a radius of 6.9 ± 0.65µm and the D1s have a 
radius of 7.5 ± 1.20µm.   
 
The penetration depth depended on the type of cell (Figure 2.5b-d).  E1 cells traveled 165.6 ± 
7.8µm (± standard error) and this was significantly different than the other two cell types.  MSCs and 
D1s penetrated a distance of 116.1 ± 5.2µm and 88.2 ± 6.8µm, respectively (Figure 2.5f), but there was 
no statistical difference between them.  Importantly, these depths are of similar magnitude as the radius 
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of the scaffold rods from both in vivo studies (1–3)(Figure 2.1, Figure 2.7).  The penetration of the cells 
was confirmed with PMMA histology (Figure 2.6).   
 
Figure 2.6 Histological images of cell penetration. (a) Cross-section of a 5µm pore diameter substrate stained 
with Sanderson’s rapid bone stain.  Dark blue indicates cell nuclei, which can be seen here to penetrate at least 
100µm into the microstructure. (b) Cross-section of the same 5µm pore diameter substrate stained with 
Sanderson’s rapid bone stain.  This image was taken higher up the substrate than (a) and shows a clear difference 
between the region with cells and the region without cells. 
 
Further, the penetration depths were consistent with the critical pressure calculations (Table 
2.1).  That is to say that the critical pressure for E1s was lower than that of MSCs, at 265Pa and 320Pa, 
respectively (Table 2.1).  Thus we would expect the E1s to travel further.  E1s had a similar diameter in 
solution compared to D1s (Figure 2.5g, h) and both cell types were smaller than MSCs (Table 2.1).  We 
speculate that the difference in penetration depth between E1s and D1s must be due to a difference in 
cortical tension, since the two cell types are similar in size.  The lower cortical tension would allow E1s to 
deform more easily and therefore travel further in the microporous network.  The results from these 
experiments clearly demonstrate that capillary forces generated by a microporous network will draw a 
range of cell types into the network and that the final depth is cell-type dependent.  Finally, the 
difference in penetration depths measured for these cell types suggests that the microstructures could 
be tailored to select specific cells to penetrate the microporous network. 
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2.3.5 Capillary forces as a potential self-loading mechanism for protein and drug delivery  
We propose that self-loading via capillary forces could be an effective protein and drug delivery 
mechanism. To demonstrate the potential, we repeated the capillary tests described above for 
nondeformable, fluorescent, polysterene beads – 1.84 µm in diameter.  The 20µl suspension of 0.05% 
w/v beads wicked into the microporous network and penetrated of 2.05±0.07mm (Figure 2.5e) into the 
10mm long substrate.  The fluid, however, traveled the entire 10mm. 
The relatively large bead penetration distance suggests that drugs tethered to or encapsulated 
by small, nondeformable particles can also be drawn into a microporous tissue scaffold via capillary 
forces.  Proteins or drugs in solution would penetrate even further because of their weight and size 
relative to the polymer beads.  The penetration of the cells described above shows that larger, 
deformable drug carriers, such as gelatin microspheres, could also be drawn in.  This micropore-
generated capillary pressure provides a “self-loading” mechanism for endogenous proteins or 
exogenous proteins and drugs relevant to bone formation at the time of implantation or prior to 
implantation, respectively.  The initial sequestration by capillary forces would mitigate a bolus delivery 
and the diffusion through the microporous network could provide a steady release.  The release rate 
may be tailored by modifying the microstructure to facilitate or hinder diffusion.  
2.3.6 Capillary forces cause cell penetration in vivo 
In vivo results show that cells found in wound defect sites are drawn into the microporous 
network via capillary forces.  After just 30 minutes in a bone defect, 5mm diameter scaffolds had cells 
approximately 100µm in the rods.  MP scaffolds that had been pre-soaked in saline had no cells present 
(Figure 2.7) 
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Figure 2.7 Histologic images of MP scaffolds implanted in porcine mandible for 30 minutes.  (a) and (b) are MP 
scaffolds implanted as-is.  Cells penetrate approximately 100µm.  (c) and (d) are MP scaffold implanted after 
soaking in saline.  All images are stained with Sanderson’s rapid bone stain.  Dark blue = cell nuclei. 
Interestingly, cells were not present in the outer edge of scaffold rods where the scaffold had 
been end-milled from its lattice (Figure 2.8a).  SEM images reveal that the micropores at the end-milling 
interface are filled with debris (Figure 2.8b).  This both provides an explanation for the lack of cell 
penetration and strengthens the argument that capillary forces are critical to cell penetration. 
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Figure 2.8 Edge effects in capillary forces. (a) and (b) are histologic images of 30 minute implanted dry MP 
scaffolds.  The stain is Sanderson’s rapid bone stain which colors cell nulcei dark blue.  Note the end-milled areas 
such as the lower portions of the rods in (a) and the side portion of the rod in (b) lack cells.  Scale bar = 100µm  (c) is 
an SEM image of the end-milled face of an MP scaffold.  Note the debris in the micropores.  Scale bar = 5µm. 
2.4 Discussion 
The goal of this paper is to present a novel, yet simple, mechanism that accounts for the reported 
enhanced bone regeneration and the presence of cells and bone in micropores in CaP-based bone 
scaffolds.  This work clearly demonstrates that capillary forces alone can play an active role in cell 
localization to the surface of a microporous CaP substrate (Figure 2.4).  We also definitively show that 
these forces are capable of drawing cells into the microporous network (Figure 2.5).  We propose that 
these two processes, cell localization to the surface of the material and cell sequestration or entrapment 
in micropores, may be responsible for the results in the literature and from our lab showing enhanced 
bone regeneration in the presence of scaffolds containing both macro and microporosity (1–5,13,15).  
We also assert that these two processes, together, are responsible for the multiscale osteointegration 
that we have reported previously (1,2).   Further, the capillary force hypothesis provides a clear 
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mechanism for how cells can occupy pores an order of magnitude smaller than previously thought 
possible.  This is the first time a single mechanism, i.e. capillary forces, has been identified as the source 
for the observations and we present the most convincing evidence to date. Finally, the work suggests 
that the microstructure could be tailored to select specific types of cells or to draw in specific cells to a 
certain depth and that capillary forces could be exploited as a self-loading mechanism for controlled 
drug release.   
 The model we developed and validated allows us to predict the capillary forces generated in a 
microporous network. Combined with the estimation of the critical pressure for a cell to enter a single 
pore, the model demonstrates that certain microstructures can draw in cells via capillary force alone.  
This also suggested that the model could be used to design microstructures to allow certain cells to 
enter immediately upon implantation, and prevent other cells from entering.  Scaffolds could also be 
designed and fabricated with distinct domains (28) that would generate different capillary pressures at 
specific locations within the scaffold.  This could improve bone regeneration over larger distances than 
were previously thought possible.  We focused on the microstructure used in our previous work, but the 
simple model could be used to calculate capillary forces generated for a wide range of porous networks.   
To isolate the effects of capillary forces on cell localization, we seeded cells on substrates with 
identical microporous networks, but different capillary forces.  The wet MP substrate was identical to 
the dry MP substrate except that the micropores in the wet substrates were filled with PBS prior to 
seeding the cells.  As empty micropores were essential to generating capillary forces, the wet MP 
substrate had significantly fewer cells on the surface as compared to the dry MP substrate (Figure 2.4).  
By testing the wet and dry NMP substrates we demonstrated that the PBS on the substrate surface did 
not alter the cell localization.  Demonstration of increased cell localization to the surface of dry MP 
substrates illustrates an important effect of capillary forces.  The 11-fold increase of cells on the surface 
of the dry MP substrate (Figure 2.4), shows that capillary forces can be used to localize the patient’s cells 
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on a scaffold either prior to implantation into the defect or actually as the scaffold is placed directly into 
the defect site.  As attracting the cells is an important first step in bone formation and healing, this 
suggests that documented increase in bone volume seen in MP over NMP scaffolds (3–5,7,13) in vivo 
may be partially due to this initial localization of cells. 
In addition to increasing cell localization, the capillary forces in MP substrates result in 
penetration of cells into the microporous network.  Cells relevant to bone formation, E1s (osteoblasts), 
MSCs, and D1s (pre-osteoblasts) penetrated the MP substrate via capillary forces (Figure 2.5b-d).  The 
entrance of cells demonstrates that proteins, which are substantially smaller than cells, will enter as 
well.  The E1s traveled significantly further than the MSCs and D1s (Figure 2.5f), which was consistent 
with the lower critical pressure calculated for the E1s.  As the E1s and D1s had similar radii (Figure 
2.5g,h), but the E1s traveled significantly further than the D1s, we concluded that the D1s have a greater 
cortical tension and therefore require a larger critical pressure to travel through the porous network.   
To our knowledge, in most of other cases control of microporosity is through sintering time and 
temperature (4,5,14).  Using this approach, the change in size and fraction of micropores is limited and 
the micropores are a smaller fraction of the size of the cells.  These scaffolds may allow for cell 
localization, but not cell penetration.  The fabrication process we use allows us to incorporate sacrificial 
polymer beads of different sizes and in different fractions.  These beads burn out during sintering 
(29,30).  Our approach allows us a much broader range of pore size and fraction (16).  
While the critical pressure and capillary force generated by the microstructure can be used to 
determine if a cell will enter the microporous network, they cannot be used to determine how far a cell 
will penetrate.  The frictional losses that result from a cell deforming through a small pore limit the cell 
penetration distance.  However, the calculations from the model and the critical pressure for a cell to 
enter a pore do indicate whether a cell will enter the microstructure and can help predict how far one 
35 
 
cell type will penetrate compared to another.  Additional experiments and modeling may allow us to 
quantitatively predict the frictional losses associated with cell deformation through pores.  
The non-deformable beads with diameters smaller than the average pore traveled the furthest in 
through the microstructure, approximately 2mm (Figure 2.5e).  We postulate that capillary forces 
generated by the microporosity can be used as a self-loading mechanism for drug delivery, with or 
without a carrier.  The molecules inside or coating the carrier could diffuse out over time without a 
significant bolus effect and have a chemotactic effect on cells within the scaffold macropores.  Coupled 
with the evidence showing the microstructure localizes cells to the surface, this creates an effective 
system where cells are drawn to the surface and drugs are released over time to, for example, promote 
differentiation or migration. 
The in vivo results showing cells penetrating the dry MP scaffolds, but not the saline-soaked MP 
scaffolds (Figure 2.7) further support the in vitro results.  In addition, in regions where the micropores 
are filled with debris created from end-milling, there are no cells present (Figure 2.8).  This provides real-
life proof that capillary forces are critical for early cell penetration.  
In this chapter, we validate that capillary forces are responsible for the cell penetration seen in 
vivo and we suggest a mechanism responsible for the improved bone formation seen in our own 
scaffolds (1,3,7) and those of others (3–7,15).  Results from the simulations and experiments in this 
study will allow scaffolds to be designed with appropriate microstructures to self-load with cells and 
proteins, enhancing healing and improving scaffold/tissue integration.  The work also presents a new 
mechanism for the controlled release of drugs to improve the healing process.  Results from this study 
have important implications in bone scaffold design and the potential for healing larger bone defects 
than was previously thought possible.  
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3 Controlling capillary forces and penetration distances 
3.1 Introduction 
Microporosity in bone scaffolds has been shown to promote bone formation (1–9); however, 
because this phenomenon was not understood researchers could not exploit microporosity for 
enhancement of bone regeneration.  Many factors have been presented as possible explanations for this 
phenomenon including surface area, roughness, and surface energy.  Until recently, no tested 
mechanism for that effect had been put forth.  In our previous work, we demonstrated that the capillary 
forces generated by scaffold microstructure cause cell and protein penetration (10).  This provided an 
explanation for the increased bone formation seen in microporous scaffolds and lays the foundation for 
optimizing scaffold for specific defects (1–4,6,9). 
Now that a mechanism has been established, we seek to demonstrate that these capillary forces 
can be controlled.  Demonstrating that different microstructures create different capillary forces, and 
that those forces draw particles in different distances, would allow scaffold microstructure to be 
designed such that specific cells and carriers penetrate the microstructure, while others do not.  With 
this capability, cells and drug carriers could be targeted to the desired regions of the scaffold. 
In this study, we fully define the microstructure, verify that the drag on a particle is the dominate 
force in penetration, and demonstrate the forces generated by different microstructures.  We first 
calculate the average interconnection radius in several microstructures using the pore and 
hydroxyapatite (HA) grain sizes, and then confirm the results with mercury intrusion porosimetry (MIP) 
measurements.   Next, we use a Navier-Stokes model of the fluid flow in the microstructure to calculate 
the dominate forces at work.  We then use capillary rise experiments to demonstrate that changes in 
microstructure can change capillary forces and microsphere penetration distance.  We then investigate 
the effect of acid etching on microsphere penetration and on the microstructure itself to demonstrate 
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that we can tailor the substrates’ ability to draw in particles beyond simply changing pore size or 
fraction.  This work further explores the mechanism of capillary forces previously (10) suggested, and 
highlights the potential methodologies for the application of capillary force-induced penetration in 
scaffold design. 
3.2 Materials and Methods 
3.2.1 Substrate fabrication and characterization 
Hydroxyapatite (HA) substrates were fabricated using directed deposition as described 
previously (2,11,12).  Briefly, we calcined the HA powder at 1100°C for 10 hours and then ball milled the 
powder with ethanol for 14 hours break up aggregates.  Next, we dried the powder at 125°C and 
recorded the powder mass.  This mass then determined the amount of deionized (DI) water and Darvin 
821A, a dispersing agent, needed.  The Darvin and DI water were mixed and the pH was adjusted to a pH 
10 using NH4OH.  We then gradually added the HA powder with brief sonication between additions.  
After 1 hour of mixing in a paint shaker, the HA slurry was centrifuged for 1 hour after which the 
supernatant was removed.  After a second hour of mixing on the paint shaker, we removed a small 
sample and measured the mass before and after drying in order to determine the solids loading of the 
HA ink.  To adjust the solids loading percentage to the desired value, we added methocel, 1-octanol, and 
DI water to the HA ink.  Poly-methyl methacrylate (PMMA) beads of different size and fraction were 
added to serve as sacrificial porogens.  To reach a viscosity high enough to support a 3D structure, we 
added HNO3.  In the final step we added a gelling agent, poly(eythlenamine) (PEI), to establish the 
appropriate rheological properties for deposition.  After deposition the substrates dried for 12 hours 
before sintering at 1300°C (13).  
For this study, we sought to establish the effect of pore size and pore fraction on capillary 
forces.  Therefore we fabricated HA blocks with either 5µm or 50µm diameter pores that had a pore 
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fraction of 50%, 55%, or 60%.  Substrates were deposited using a 0.61mm diameter nozzle with the 
following specifications: 8 columns, 150 rows, 6 layers, with a center-to-center row spacing of 0.45mm, 
and a layer height of 0.45mm.  This translates to post-sintered dimensions of 2.7 x 48.9 x 2.1mm. 
For the acid etched substrates, described below, single-layer substrates were used in order to 
ensure that the acid fully penetrated the sample and washed out after the etching process.  Substrates 
were deposited with a 0.61mm nozzle tip with 23 columns, 50 rows, 1 layer, and with both a row 
spacing and layer height of 0.45mm.  After sintering, the substrate dimensions were 7.6 x 16.4 x 0.4mm.  
Only substrates with the 50% pore fraction and 5µm microstructure were used in acid-etch experiments 
in order to eliminate additional variables to the experiment such as pore size and pore fraction.  By using 
only one microstructure, we could ensure that any changes in penetration were due to the acid etching. 
3.2.2 Acid etching 
HA substrates were etched using acetic acid in order to modify the microstructure in a manner 
unachievable by the sacrificial porogen method described above (i.e. as achievable by varying pore size 
and pore fraction alone).  Namely the acid-etch increased the interconnection size by dissolving HA 
grains exposed in those interconnections.  Substrates were divided into one of three treatment groups: 
0.1M acetic acid, 1.0M acetic acid, and as fabricated (AF).  The acid etched substrates were soaked in 
the acetic acid for 30 minutes.  Substrates were tapped while submerged in order to remove air bubbles 
and to ensure that the acid penetrated the substrates completely.  After incubation at 37°C, the 
substrates were first rinsed in DI water, then soaked in fresh DI water on a rocker for 1 hour, and finally 
air-dried for at least 12 hours.  
The changes in microstructure on the surface and in cross-section were examined using 
scanning electron microscopy (SEM) for all three types of microstructures.  Substrates were fractured by 
hand in order to expose the internal microstructure for images in cross-section.  Samples were mounted 
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on carbon tape and sputter coated with Au/Pd for 75 seconds.  Silver paint was applied to the edge of 
the samples to reduce charging.    
3.2.3 Pore interconnection radius and associated capillary pressure 
3.2.3.1 Microstructure simulation to predict capillary pressure 
The pressure generated by the microstructure of the 50% 5µm, 60% 5µm, and 50% 50µm 
substrates through capillary forces was calculated using the simulation described previously (10) 
(Section 2.3.1) in order to understand the magnitude of influence of the pore size and pore fraction.  
Briefly, we first specify a volume, a pore size, a pore size distribution, and a pore fraction.  Pore 
characteristics used in the simulation for the microstructures containing 50µm pores were a 25µm pore 
radius, a standard deviation of 10µm (14), and a pore fraction of 50%.  Pore characteristics for the 
microstructures containing 5µm pores were a 2.5µm pore radius, a standard deviation of 1µm (13), and 
pore fractions of 50% or 60%.   
The simulation populates the specified volume with non-overlapping spheres that have the 
specified characteristics.  The simulation then makes a series of digital cross-sections through the 
volume and records the total perimeter of the circles formed by the intersection of the spheres with 
each digital section.  The total perimeter of the circles is called the “wetted perimeter;” it is the 
perimeter that the fluid will contact when it enters the microporous network.  The wetted perimeters of 
the cross-sections are averaged and stored with the area of the section.  The process is repeated for a 
range of cross-sectional areas in order to generate a relationship between wetted perimeter and cross-
sectional area.  As capillary force is a function of the wetted perimeter of the substrate, the surface 
tension of the fluid, and the contact angle of the fluid with the solid substrate (10), the simulation can 
be used to predict the capillary force for porous microstructures.  From this point capillary force is 
converted to capillary pressure by dividing the force by the pore area. 
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3.2.3.2 Geometric model to approximate the pore interconnection radius 
The size of the interconnections, or interconnection radius, between pores influences transport 
through a porous medium through the capillary pressure generated by the microstructure.  That is to 
say that the pore interconnection radius contributes to the pressure that will draw cells through the 
microporous network.  Here we determine the pressure generated in the interconnections (Pconnection) 
and compare that to the critical pressure required for a cell to enter that interconnection (Pcrit) or a pore 
of that size.  Pconnection was compared to the experimentally determined pressure (Section 3.2.5.1) and 
the simulated pressure without interconnections (Section 3.2.3.1) to highlight the influence of 
interconnections on capillary pressure.   Pconnection was also used to calculate the fluid velocity, discussed 
later (Section 3.2.4). 
The interconnection radius was determined by the size of HA grains in contact with the PMMA 
spheres in the ink and assumes that the PMMA spheres of radius, R, are otherwise in contact (Figure 
3.1).  The size of the spheres was measured in a previous study (13).  The portion of the HA grain 
between the PMMA spheres is approximated as a sphere of diameter 2r (Figure 3.1).  This quantity was 
experimentally measured using SEM images of fractured HA substrates.  In each image, the grain 
thickness was measured in at least three grains at the edge of three micropores.  Two images were 
analyzed for each of six substrates and an average grain thickness was determined.  As the thickness of a 
single grain of HA does not depend of the size and amount of PMMA spheres, the thickness was only 
measured in the 5µm 50% substrates and this thickness was used for all calculations for all of the 
microstructures considered.  
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Figure 3.1 Schematic of pore interconnections.  (a) Depiction of two pores created by PMMA 
microspheres and an HA particle that creates the interconnection.  (b)  An inset of (a) showing a higher 
magnification of the interconnection region. 
 
Using Pythagorean’s theory and similar triangles in our geometric model, we approximated the 
interconnection radius (Eqn. 3.1) and the length of the interconnections, 2y, formed by the HA grain and 
the porogens (Eqn. 3.2): 
   √              (3.1) 
   
 
 
 
   
      (3.2) 
 
As we are interested in determining the microstructure required for specific cell penetration, we 
needed to calculate the pressure required for cells to enter the microstructure.  The interconnection 
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radius was used to calculate the pressure needed for an osteoblast, with radius rc, to enter a single 
interconnection of this size (Pcrit) according to Yang et al. (15) (Eqn. 3.3). 
           (
 
  
 
 
  
)     (3.3) 
3.2.4 Drag force on a microsphere moving through an interconnection 
We modeled the forces exerted on the microsphere (Eqn. 3.4) to identify the most influential 
factors on microsphere, or cell, penetration.  As drag force is the dominant force acting on a cell or 
microsphere, the factors influencing drag were of the most interest.  A large 0.92µm radius 
microsphere- the commercially available microsphere with the closest radius to the interconnection 
radius - was chosen to find a possible maximum microsphere size for penetration (Figure 3.2).  The three 
forces - the force of gravity (Fg), the buoyancy force (Fb), and the drag force (Fd) - were calculated using 
the following equations: 
 
                  (3.4) 
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Figure 3.2 Force diagram on a microsphere.  Shown here is a 1.84μm diameter microsphere in an interconnection 
created by a 5μm pore substrate.  The three forces acting on the sphere are buoyancy, gravity, and drag. 
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)       (3.6) 
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 )       (3.7) 
where  
m  =  mass of the microsphere   [kg] 
g =  acceleration due to gravity   [m*s-2] 
ρ  =  the density of the fluid    [kg*m-3] 
Dp  =  the diameter of the microsphere  [m] 
Cd =  the drag coefficient    [-] 
V = the velocity of the fluid    [m*s-1] 
Ap  =  the cross-sectional area of the microsphere [m
2] 
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The force of gravity and the buoyancy force were readily determined using the microsphere 
radius and the density of polystyrene.  To calculate the drag force, we first calculated the velocity of the 
fluid as it traveled through the interconnection in order to determine the flow regime.  Then we 
determined the drag coefficient and finally the drag force. 
The fluid velocity was calculated using the Navier-Stokes equation (Eqn. 3.8) with the following 
simplifying assumptions: (1) Flow was only in the x-direction, parallel to the channel (Figure 3.2) so that 
there was no pressure change in the y or z directions and fluid velocity in those directions was zero, and 
(2) there was no time dependence for flow in a given interconnection.  Thus, the Navier-Stokes equation 
simplified to Eqn. 3.9 and 3.10:  
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           ( )   (3.10) 
where  
P = pressure   [kg*m-1*s-2] 
vx = V =  velocity in the x-direction [m*s
-1] 
vy  =  velocity in the y-direction [m*s
-1] 
vz  =  velocity in the z-direction [m*s
-1] 
η  =  dynamic viscosity of the fluid [kg*(m*s)-1] 
y  =  distance in the y-direction [m] 
x =  distance in the x-direction [m] 
C1  =  constant   [s
-1] 
C2 = constant   [m*s
-1] 
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A condition of no slip was assumed at the walls of the interconnections (Eqn. 3.11 and 3.12) (16): 
  (  )    (   )        (3.11) 
  ( )  
   
 
  
  
  
[  (
 
  
)
 
]    (3.12) 
Using the pressure in the interconnections generated by the capillary force (Pconnection) (Table 3.1) 
and the interconnection length we determined the change in pressure per unit length.  The fluid velocity 
in the x-direction (V), along with the interconnection diameter (2ri) and the kinematic viscosity of water 
(ν = 1.003E-6m2/s) (17), were used to calculate the Reynold’s number (Re); 
   
    
 
      (3.13) 
For Re<1, the fluid is considered to be in the Stokes regime and the drag coefficient (Cd) is a 
function of the Re and the multiplier,  .    is a function of the diameters of the interconnection and 
microsphere (16) (Eqn. 3.14).  The intermediate regime is from 1<Re<1000.  The drag coefficient in this 
regime is a function of only Re (Eqn. 3.15).  The turbulent regime is for Re>5000.   
   
  
  
       (3.14) 
       
          (3.15) 
Using the velocity and the drag coefficient, along with the previously known microsphere area 
and fluid density, we determined the drag force (Eqn. 3.7) in both flow regimes.  Comparison of 
magnitude of the drag force relative to the force of gravity and the buoyancy force allows the dominant 
force in microsphere penetration to be identified. 
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3.2.5 Capillary rise test  
3.2.5.1 Capillary rise for water 
To determine if microstructure can be used to manipulate capillary pressure, and therefore 
affect cell and microsphere penetration, the capillary pressure of each microstructure was determined.  
The capillary pressure (Pexperimental) generated by the microstructure was determined experimentally 
using a capillary rise test.  HA substrates were suspended with the long axis perpendicular to the surface 
of a beaker of water and lowered until they just contacted the water.  The height of the fluid in the 
substrate was measured after 15, 30, 60, 120, 180, 240, 300, and 360 seconds. This test was performed 
with five different microstructures and for three independent substrates for each microstructure.  In 
cases in which the height of the fluid exceeded the height of the substrate, the data were curve fit to 
estimate the maximum fluid height.  The pressure was calculated by multiplying the fluid height by 
gravity and the density of water. 
3.2.5.2 Capillary rise of the fluorescent microspheres 
To prove that differences in capillary forces can be used to control penetration distance, the 
distance that microspheres in solution penetrated the microporous netword was measured.  The as-
received polystyrene microsphere solution (Sphereotech, Lake Forest, IL) containing 0.1µm-diameter 
spheres was first diluted from the stock and thoroughly mixed.  This particle diameter was used to 
ensure that they could penetrate the network, but were large enough to be a model for a drug carrier 
system.  The microspheres were diluted 1:40 with Hepes no salt buffer.  The surfactant, Tween, was 
added to the solution at a concentration of 0.05% to prevent particles accretion and then sonicated to 
break up any aggregates. 
The capillary rise tests for the fluorescent microspheres were performed in a similar manner as 
described in Section 3.2.5.1 with two exceptions.  First, the solution was only allowed to contact the HA 
51 
 
substrates for 20 seconds because saturation of the substrates made it difficult to resolve differences 
between samples.  Second, the rise heights with the fluorescent spheres were visualized using 
fluorescent microscopy (Axiovert 200M, Ziess, Inc, ITG).  Distances were measured on the images using 
Adobe Photoshop. 
For the capillary rise tests using acid-etched substrates, 12.5µl of the same solution described 
above was pipetted onto a glass coverslip; the substrates were too wide to suspend them over the 
solution container.  The substrates were brought into contact with the solution and the fluid penetrated 
the substrate for 45 seconds, the average time required for the solution to be absorbed in the AF 
substrates. The etched substrates were visualized and analyzed using the same methods as described 
above. 
3.3 Results 
3.3.1 Interconnection radius and associated capillary pressure 
The radius of the interconnection between micropores and the associated capillary pressure 
were determined from the geometric model of the microstructure (Section 3.2.3.2, Figure 3.1) and 
microstructure simulation (Section 3.2.3.1), respectively.  The interconnection radius for both sizes of 
micropores was determined using Eqn. 3.1, the measured average grain radius obtained here from SEM 
images, 0.685 ± 0.146µm, and the previously measured pore radius (13).  The calculated interconnection 
radii were 5.2µm for a porogen radius of 25µm, and the interconnection radii were 1.25µm for a 
porogen radius of 2.4µm (13).  The average pore radius measured by MIP for the samples with 5µm and 
50µm diameter porogens was 1.07µm (3) and 3.5μm (14), respectively.   
The simulated microstructure was used to estimate the capillary pressure generated by these 
microstructures (Psimulation) (Table 3.1).  The estimated capillary pressure depends on the simulated 
wetted perimeter per unit area.  The wetted perimeter per unit area for the 5µm pores with 50% 
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porosity was 0.323 ± 0.008µm-1, 0.407 ± 0.019µm-1 for the 5µm 60%, and 0.055 ± 0.002µm-1 for the 
50µm 50% substrates.  The 5μm substrates generated 584Pa for the 50% pore fraction substrates and 
597Pa for the 60% pore fractions substrates.  The 50μm substrates generated 80Pa (Table 3.1). 
Table 3.1 Comparison of experimental and simulated pressures.  Pexperimental is the pressure measured from the 
capillary rise tests (Section 3.3.3.1).   Psimulation is the pressure generated by the substrate, derived from the 
microstructure simulation (10).  Pconnection is the pressure in an interconnection, calculated using the interconnection 
radius found in Section 3.3.1.  Pcrit is the pressure required to draw an osteoblast into the interconnection (10,15). 
 
The pressure generated by each microstructure based on the simulation was then compared to 
the critical pressure (Pcrit) required for an osteoblast of radius 7.5µm to enter a pore interconnection in 
the respective microstructure (Eqn. 3.3) (15).  The same interconnection radius was used for all 
substrates with the same pore diameter since the interconnection radius was based on the geometric 
model. 
The pressure generated by the interconnections (Pconnection) was greater than the critical pressure 
for an osteoblast to enter the interconnection (Pcrit) for all of the microstructures.  Therefore and 
osteoblast would be able to enter the microporous network for all cases.  The critical pressure for cells 
to enter the interconnections in the 5µm-pore substrates was approximately ten times larger than for 
the 50µm-pore substrates (Table 3.1).  The pressure generated by the capillary force in the 
interconnections was only four times larger in the 5µm-pore substrate interconnections as compared to 
the interconnections in the 50µm-pore substrate interconnections (Table 3.1).   
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3.3.2 Drag force on a microsphere moving through an interconnection 
The calculation of the drag force on the microsphere traveling through the microporous network 
shows that this force should be considered in microstructural design for loading scaffolds with drug 
carriers or seeding scaffolds with cells.  In both flow regimes, Stokes and intermediate, the drag force 
was more than five orders of magnitude greater than the buoyancy force or the force of gravity, making 
it by far the dominant force in the system.  Using Eqns. 3.5 and 3.6, the force of gravity was determined 
to be -2.7E-6nN and the buoyancy force was 3.2E-5nN.  From Eqn. 3.2, the interconnection length for 
the 5µm-pore substrates was 1.06µm, which resulted in a pressure change of 1292 Pa*µm-1.  The 
corresponding velocity due to the calculated pressure change was 0.673m*s-1 (Eqns. 3.8-3.12). 
Using Eqn. 13, the Reyonld’s number was estimated at 1.68.  The ratio of the microsphere 
diameter to the interconnection diameter was 0.736, which correlated to   ~7 (16).  Therefore the drag 
coefficient in the Stoke’s regime was 100.3 and the drag force was estimated to be 60.4nN.  For the 
intermediate regime (16), the drag coefficient and drag force were 13.2 and 7.94nN, respectively.   
3.3.3 Capillary rise tests  
3.3.3.1 Capillary rise of water 
The capillary pressure was measured using water in a capillary rise test and compared to the 
pressure calculated from simulation (10) (Section 3.3.1).  The simulation showed that 60% 5μm had the 
highest capillary pressure (Psimulation) (Table 3.1) and largest wetted perimeter of the five microstructures 
tested.  This substrate also had the largest maximum water height (Figure 3.3), which asymptotically 
approached 59.5mm (R2 = 0.975).  The 50% 50μm substrates had the lowest simulated capillary force 
and the smallest maximum water height at 22.3±1.2mm.  The results comparing the experimental 
pressure (Pexperimental) and the simulated pressure (Psimulation) are summarized in Table 3.1. 
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Figure 3.3 Plot and table of fluid rise in different microstructures. Five different microstructures were tested, and 
each produced a distinctive distance versus time plot.  The 5µm pore substrates drew fluid to a higher maximum 
height than the 50µm substrates indicating that the 5µm substrates had a greater pressure drop, created by larger 
capillary forces.  The maximum fluid height for all three microstructures with 5μm pore diameters was calculated 
using a curve fit to the height versus time data because the maximum height of the fluid was greater than the 
height of the substrate (Section 3.2.5.1).  The maximum height of the fluid in microstructures with 50μm pore 
diameters was determined from the measured values. 
3.3.3.2 Capillary rise of fluorescent microspheres 
The penetration distance of the fluorescent microspheres through the porous network was 
measured for three different microstructures: 50% 5μm, 60% 5μm, and 50% 50μm.  This set of 
microstructures allowed for a comparison of the influence of pore fraction and pore size.  The 50% 5μm, 
60% 5μm, and 50% 50μm had average penetration distances of 8310 ± 108μm, 8315 ± 131μm, and 2778 
± 62μm, respectively (Figure 3.4).  Statistics here, and throughout the study, were calculated using 
ANOVA followed by a post-hoc Bonferroni test with p<0.05. 
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Figure 3.4 Microsphere penetration in different microstructures. (a) Fluorescent images of the microspheres in 
HA substrates.  Dashed line indicates the distance the microspheres penetrated.  Height was measured at three 
locations on each substrate to determine the average height.  Scale bars = 500µm.  (b) Average distance 
microsphere penetrated.  Both the 50% 5µm and 60% 5µm substrates had significantly greater penetration than 
the 50% 50µm substrates,  p=1.8E-33 and p=1.9E-33, respectively. 
 
A surfactant, Tween, reduced aggregation of the fluorescent microspheres and resulted in even 
penetration in all microstructures (Figure 3.5b, d, f).  The 0.1µm diameter polystyrene microspheres had 
a slight negative surface charge (Sphereotech) thus the microspheres aggregated and could not 
penetrate the microstructure evenly, if at all (Figure 3.5a, c, e).  Even in substrates with 50µm diameter 
pores (Figure 3.5e), the microspheres would not penetrate the microstructure.   
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Figure 3.5 Effect of surfactant on microsphere distribution in three different microstrucures.  (a) and (b) are 
images of a 60% 5µm substrate, (c) and (d) are images of a 50% 5µm substrate, and (e) and (f) are images of a 50% 
50µm substrate.  All images on the left show penetration of 0.1µm microspheres without surfactant.  All images on 
the right show imbibition of the same microsphere with 0.05% Tween as a surfactant. 
 
3.3.4 Acid-etched substrates 
The acid-etch increased the penetration distance of the microspheres into the etched 50% 5µm 
substrates and the distance increased with increasing acid concentration (Figure 3.6).  The AF, 0.1M-
etch, and 1M-etch substrates drew the microspheres in significantly different distances (p<0.001): 5428 
± 80µm, 7337 ± 218µm, and 8756 ± 12µm, respectively.  The penetration distance in the AF substrate 
was greater than what was reported for blocks with the same microstructure (Figure 3.4) because fluid 
shearing effects from deposition in 1-layer substrates (Section 5.3) were negligible in the blocks.    
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Figure 3.6 Penetration of microspheres in acid etched substrates. (a) Fluorescent images of the three treatments.  
The dashed line indicates the level to which the microsphere penetrated.  Scale bar = 500µm.  (b) Each treatment 
had a significantly different penetration than the others, all had p<0.001. 
SEM images of the acid-etched substrates showed that HA grains were etched, or dissolved, 
preferentially.  This was seen both on the surface of the substrate and within the internal microstructure 
exposed by fracturing the sample (Figure 3.7).  The dissolution rate is a function of surface area (18,19) 
and therefore HA grains with more exposed surface area, like those protruding into the 
interconnections, dissolved faster than grains that formed a flush wall around the micropores created by 
the sacrificial porogens.  The preferential dissolution increases the interconnection radius while the 
micropore radius remains relatively constant; therefore, the size of the interconnection relative to the 
pore increases.  This means that the constriction (σc), a non-linear function of the pore and 
interconnection size, increases (20). 
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Figure 3.7 SEM images of acid etching effects. (a) and (b) were not soaked in acid.  (c) and (d) were soaked in 
0.1M acetic acid for 30 minutes.  (e) and (f) were soaked in 1.0M acetic acid for 30 minutes.  Dissolution of the 
grains was seen in both acid etched treatments.  Arrows highlight some of the many regions of dissolution. 
 
As was shown in Table 3.1, the interconnections in the substrates with 5µm pores do not have a 
substantial effect on the capillary force generated.  This is evident because Psimulation for these substrates, 
which does not account for the interconnections, was nearly the same as Pexperimental.   
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3.4 Discussion 
The results from this study provide insight into the scaffold design criteria that affect capillary 
forces, and self-loading and depth of penetration into microporous HA substrates.  We use two models: 
one that simulates the microstructure and predicts the resulting capillary pressure, presented previously 
(10) and another that determines the size of the interconnection based on the geometry of the 
sacrificial porogen and HA grains. We then used capillary rise experiments to demonstrate that capillary 
force and microsphere penetration in the porous network, simulating self-loading of drug carriers, can 
be manipulated through changes in microstructure.  Changes in microstructure were made through the 
use of sacrificial porogens of different sizes and by an acid-etch treatment that increases 
interconnection size.  This work presents a more complete picture of microstructural parameters such as 
pore size, fraction, and interconnections, that influences self-loading and penetration of drugs, carriers, 
and cells, and can be used in scaffold design. 
The geometric model for interconnections, along with the SEM measured pore size (13) 
demonstrates that interconnection sizes affected the MIP measures for average pore radius (21,22).  
From the model the interconnection radii were 1.25µm and 5.2µm for the 5µm and 50µm substrates, 
respectively (Section 3.3.1).  MIP measurements reported pore diameters of 2.14µm and 7µm for the 
5µm and 50µm substrates, respectively (3,14).  These values are substantially lower than expected given 
the size of the porogens and the SEM measured diameter (13).  However, these MIP reported values are 
similar to the geometrically modeled interconnections, likely due the effect of interconnections on MIP.  
When a substrate has interconnections smaller than the pores, the large pore cannot fill with mercury 
until a high enough pressure has been reached to fill the interconnection in a mercury intrusion 
porosimeter (21,22).  Thus, MIP measurements of substrates with small interconnections or many 
sintering pores tend to underestimate the size of the pores made by sacrificial porogens.  
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The interconnections between pores play an important role in the self-loading potential of the 
microporous substrates.  The use of interconnections as a design parameter for scaffolds is made 
apparent when comparing the results from the model of the interconnections and the capillary rise 
experiments.  The simulation does not take into account pore interconnections when calculating the 
wetted perimeter, which affects the capillary force (10).  Including interconnections in the simulation, 
essentially generating small cylinders to connect adjacent spheres, would increase the wetted 
perimeter.  In the 5µm substrates the pore and interconnection radii are similar - 2.4µm and 1.25µm, 
respectively – making the lack of simulated interconnections less important.  However, the pore radius is 
five times larger than the interconnection radius for the substrates made with the 50µm porogens.   
Neglecting the increase in wetted perimeter decreases the simulated pressure.  The experimental 
results and the results from calculations of the pressure generated by interconnections (Table 3.1) 
suggest that, in substrates with large pores relative to the size of the interconnections, the 
interconnections dominate the capillary force generated by the substrate. 
The drag force on a particle traveling through the network influences the self-loading ability of the 
porous substrates.  Therefore, the microstructural parameters that affect the drag force should be 
considered in the design of microporosity.  For the analysis of the drag force we considered hard 
spheres as a model for drug carriers (Section 3.3.2).  We demonstrated that the drag force increases 
with increasing pressure generated by the interconnections (Eqn. 3.7 and 3.12) and as the ratio between 
the interconnection diameter and the microsphere diameter decreases (Eqn. 3.7 and 3.14).  These 
results were consistent with the penetration distance observed in the rise tests with the microspheres.  
The capillary rise experiments with water clearly demonstrate that microstructure can be used to 
control capillary pressure.  In each microstructure considered, the one with the higher predicted 
capillary pressure (Psimulation) also had the higher maximum fluid height, and therefore the higher 
pressure.  The pore size had a larger effect on the pressure than the pore fraction; all substrates 
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fabricated with the 5µm porogens had higher capillary pressures than all substrates fabricated with 
50µm porogens (Figure 3.3).  However, the pore fractions were in a limited range.  While the pore sizes 
varied by an order of magnitude the pore fractions varied between 50% and 60%.  At less than 50%, the 
porous network was not interconnected.  At pore fractions higher than 60%, substrates were not 
structurally stable (not shown).   
The microsphere capillary rise experiments using fluorescent microspheres indicate that 
microsphere penetration can be controlled and potentially tailored for use in bone scaffolds.  The 
increased physical constraints posed by the 5µm substrate’s smaller pore and interconnection sizes 
were less significant than the increased capillary force these substrates generated.  In both the 50% and 
60% 5µm substrates, the beads penetrated further than in the 50µm substrates (Figure 3.4).   
The acid etch experiments provide insight into the role of interconnections in microsphere 
penetration.  SEM images show grains that protrude into the micropores – the grains making up the 
interconnections – being dissolved by the acid (Figure 3.7).  This is consistent with the fact that 
dissolution occurs more readily with more surface area exposed to the solution (18,19).  Had the acid 
dissolved the pores significantly, we would have seen a smaller penetration distance in the acid-etched 
substrates than in the AF substrates, similar to what was seen in the 5µm versus 50µm (Section 3.3.3.2).  
The SEM results combined with the increase in penetration distance in the acid-etched substrates 
demonstrate the importance of interconnections, defined by the constriction, in penetration.  We now 
conclude that the penetration distance is not solely a function of the pore size and pore fraction, but 
also of the constriction: 
            (         )    (             )    (  )  (3.16) 
Therefore all three parameters must be taken into consideration when designing a scaffold for optimum 
cell penetration or particle penetration. 
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3.5 Conclusion      
This study examines the role of microstructure in generating capillary forces in HA substrates for 
applications in scaffold-based bone regeneration.  These forces have the ability to draw in cells (10) and 
microspheres into micropores, effectively seeding or self-loading those pores with drugs and cells.  For 
the first time, we demonstrate the role of micorpore size and pore interconnection size in controlling 
capillary forces and depth of penetration for this purpose.  Other researchers have shown that 
microporosity is beneficial to bone formation (5–9,23–25), but none has identified the mechanism that 
enhances regeneration or provided a clear rationale for selecting a particular microstructure. 
Using a simulated microstructures and a geometric model to predict capillary pressure and 
interconnection size, respectively, we demonstrated the role of the interconnections in the penetration 
of particles (cells, drugs, or drug carriers) through the microporous network.  When interconnections 
were not taken into account, as in the simulation, the predicted pressure for the substrate with 50µm 
pores was less than half the measured value (Table 3.1).  We also show that the constriction generated 
by pore interconnections plays a role in self-loading and penetration.  Acid-etching increased the pore 
interconnection radius, while maintaining a similar pore size and fraction, which resulted in an increase 
in the depth of penetration of the microspheres (Section 3.3.4, Figure 3.6).   
Finally, we demonstrated that the pore size and interconnection size influence drag force.  The 
pressure generated via capillary forces determines the velocity of the fluid moving through the 
substrate, and therefore the magnitude of the drag force (Eqn. 3.7 and 3.12).  An additional way to 
control drag force within the microstructure is though the manipulation of the relative size of the 
interconnection and the microsphere or cell of interest.  As the ratio of the interconnection size 
decreases relative to the drug carrier or cell size, the drag force increases non-linearly (Eqn. 3.7 and 
3.14) (16), which hinders penetration. 
63 
 
Taken together, this work provides the framework for rationally designing microstructure using 
pore size, pore fraction, and interconnection size, in order to seed or self-load HA substrates with drug 
carriers, drugs, or cells.  While we focus on bone scaffolds, the results from this work could be applied to 
other types of implants, cell sorting based on size and stiffness, porous heat exchangers, and deep-bed 
filtration systems like those used in processing industries (26).           
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4 Microstructure control of protein incorporation and release 
4.1 Introduction 
Controlled drug delivery in tissue scaffolds is of interest to the tissue engineering and regeneration 
field (1–4).  The local delivery of anitbiotics and growth factors is advantageous as systemic delivery 
often requires larger doses and targets multiple regions (4).  Several approaches have been taken to 
control the release rate of locally delivered drugs including the use of drug-laced scaffold coatings (3,4), 
exploiting the native mineral affinity of growth factors (2), tailoring the affinity of synthetic peptides 
(5,6), and impregnating scaffolds with polymer-drug matrices (1).  These approaches either rely on 
additives - coatings, carriers, peptides, or matrices – or they do not provide a mechanism to control the 
release rate.  We demonstrate that the release of therapeutic molecules, like drugs or proteins, can be 
controlled by modification of microstructural parameters in hydroxyapatite (HA)-based scaffolds. 
 In designing a scaffold microstructure for controlled release seemingly contradictory goals must be 
balanced.  We have shown previously that the microstructure must have adequate capillary force to 
draw in the desired cells and proteins (7), and that the penetration distance is a function of the capillary 
force and pore constriction in the microstructure (8).  We now aim to identify the parameters affecting 
protein release from the microstructure so that a scaffold could be designed to have a specific release 
rate while still drawing in the appropriate cells and molecules. 
In this chapter we show that the incorporation and release of small molecules such as proteins can 
be controlled through the modification of substrate microstructure.  Specifically, we use microporosity 
to influence incorporation and release.  Previous studies from our group have shown that the mineral 
affinity of the protein can be adjusted to control binding and release (5,6).  However, this method of 
control requires a library of peptides with different mineral-binding affinities (5,6).  In this study, we use 
a modular protein designed to include an osetocalcin-inspired hydroxyapatite-binding sequence, which 
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we refer to as modular bone morphogenetic peptide, or mBMP (5).  We first quantify protein 
incorporation in solid, or non-microporous (NMP), HA substrates and in microporous (MP) HA substrates 
for three different microstructures: substrates with 50% microporosity and 5µm diameter micropores, 
substrates with 60% microporosity and 5µm diameter pores, and substrates with 50% microporosity and 
50µm diameter micropores.  We then measure the release rate among the three different types of MP 
substrates.  Through comparison of relative effective diffusivity, we identify the dominant 
microstructural characteristics influencing release.  These results add to the picture of rational scaffold 
design by showing that microstructure can be used to control drug or molecule release. 
4.2 Materials and Methods 
4.2.1 Substrate fabrication 
NMP substrates and three MP substrates with different microstructures were used in this study.  
A representative image is shown in Figure 4.1.  The MP substrate microstructures were either 50% or 
60% porous with nominal pore sizes were either 5µm or 50µm.  The specific three substrates were 50% 
porous with 5μm pores (50/5), 60% porous with 5μm pores (60/5), and 50% porous with 50μm pores 
(50/50).  Substrates were fabricated using directed deposition described previously (8–12) (Section 
2.2.4).  Very briefly, hydroxyapatite (HA) powder was calcined at 1100°C for 10 hours before ball-milling 
to break up aggregates.  The mass of HA determined the amount of additives added to the powder.  
These additives included deionized (DI) water, an anti-foaming reagent, gelling reagents, and surfactants 
(10,12).  Sacraficial PMMA porogens were added to the ink to control micropore size and fraction, with 
pore size being controlled by the size of the specific porogen.  Poly-methyl methacrylate (PMMA) 
microspheres were used as the porogen.  The viscosity was adjusted by adding the base NH4OH until the 
ink was viscous enough to hold its shape when extruded.  The substrates were deposited as 2-layer tall 
squares with post-sintered dimensions of 10x10x0.79mm.  The deposition parameters were 23 rows, 23 
columns, 2 layers.  The center-to-center rod and layer-to-layer spacing were both 0.45mm and the 
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nozzle diameter was 0.61mm.  After deposition, the substrates were allowed to air dry prior to sintering 
at 1300°C for 2 hours.  
 
Figure 4.1 SEM images of HA substrates. (a) A 50/5 MP substrate.  This substrate has a 50% pore fraction and 
5μm pore diameters. (b) A non-microporous substrate. Scale bars = 20μm. 
4.2.2 Protein incorporation 
Synthetic, HA-tetherable BMP-2, specifically mBMP-Gla3 (mBMP), was bound to the HA 
substrates as described in detail by Lee et al (6).  Briefly, the lyophilized protein was suspended in 
phosphate buffered saline (PBS) at a concentration of 2mg per 1ml, 450μM.  The concentration was 
then measured using a Pierce microBCA protein assay (Thermo Scientific, Rockford, IL).  Each MP HA 
substrate was submerged in 500μl of the protein solution, tapped on the bottom of the container to 
remove air trapped in the micropores, and incubated at 37°C for 4 hours.  Capillary forces ensured that 
the microstructure was filled with the protein solution (7,8).  After incubation the excess protein 
solution was removed from the container and the concentration of protein measured with the microBCA 
assay.  Finally, the total protein incorporated was calculated from the difference in the concentration 
pre- and post- incubation multiplied by the volume of the solution.   
4.2.3 Protein release 
500μl of fresh PBS were added to each substrate after the initial protein solution was removed and 
the substrates were returned to the incubator at 37°C.  This solution was assayed at 4, 10, 32, and 48 
hours.  Two additional time points were recorded for the MP substrates: 80 and 118 hours.  The mass of 
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the protein released (in μg) was converted to a percentage released from the total protein incorporated 
into the substrates for comparison to the other microstructures.  ANOVA followed by a post-hoc 
Bonferroni test (p<0.5) (Origin Pro 8.1) were used for statistical analysis. 
4.3 Results 
4.3.1 Protein incorporation 
The MP substrates incorporated significantly more protein than the NMP substrates (Figure 
4.2a).  However, there was no difference in the amount of protein incorporated for the three different 
types of MP substrates (Figure 4.2b).  On average, the MP and NMP microstructures incorporated 
98.5±1.3μg and 73.2±3.1μg, respectively.  This equates to almost 35% more protein incorporated by MP 
than NMP substrates.  The three MP substrates, 50/5, 60/5, and 50/50, incorporated 96.8±1.7µg, 
96.3±2.5µg, and 102.5±2.2µg of protein, respectively. 
 
Figure 4.2 Protein incorporation in MP and NMP substrates. (a) MP substrates incorporated significantly more 
protein than the NMP substrates (p=2.4E-8). (b) All three types of MP substrates incorporated the same amount of 
protein. 
4.3.2 Effective diffusivity 
As shown in Figure 4.2, the three different MP substrates each incorporated the same total 
protein despite the differences in micropore size and fraction.  Therefore, differences in diffusion, rather 
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than in the amount of incorporated protein, accounts for the differences measured in protein release 
for the MP substrates.  The effective diffusivity (De) for a porous substrate was used to interpret the 
experimental results.  Drawing from literature on transport through a porous media (13), the effective 
diffusivity is proportional to the diffusion constant (D), the constriction factor (σc), pore fraction (φ), and 
tortuosity (τ) (Eqn. 4.1): 
   
    
 
       (4.1) 
The constriction factor is a non-linear function that depends on the ratio (β) of the cross-sectional area 
of the pore (AXpore) to that of the interconnection (AXinterconnection) (Eqn. 4.2): 
    ( )   (
      
                 
)     (4.2) 
The constriction factor scales the effective diffusivity and can have values from 0 to 1.  At one 
extreme, when there is no constriction; both β and the constriction factor are equal to 1.  At the other 
extreme, when the pores are almost completely constricted, β is large and the constriction factor 
approaches zero.  In this case the diffusivity also approaches zero.  For the intermediate case of β=10, 
for example, the constriction factor is 0.5 (13).  In general, the constriction factor becomes more 
sensitive to changes in β as the difference in pore and interconnection cross-sectional area increases 
(14).   
Tortuosity is defined as the ratio of the distance a particle travels between point A and point B 
and the straight-line distance between those two points.  This parameter varies linearly with pore 
fraction in the range of pore fractions considered here (15), but pore size does not influence tortuosity.  
Conceptually, as long as the packing arrangement, determined by pore shape and pore fraction, remains 
constant, increasing the pore size does not change tortuosity.  Figure 4.3 shows a schematic 
microstructure with small pores (Figure 4.3a), large pores (Figure 4.3b), and the shortest distance 
between the same two points within that microstructure.  While the interconnection size in the large 
pores (Figure 4.3b) decreases relative to the pore size, the distance between points remains the same.  
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Increasing the pore fraction, however, would decrease tortuosity and effectively increase diffusivity 
(Eqn. 4.1).  But for the pore shape and fraction used in this study tortuosity is considered to only depend 
on pore fraction. 
 
Figure 4.3 Effect of pore size on tortuosity.  (a) A schematic representation of 5µm diameter pores with 
interconnection radii of 1.25µm.  The shortest possible path from the dot to the “X” is indicated by the dashed line.  
(b) A schematic representation of 50µm diameter pores with interconnection radii of 5.2µm.  The shortest path to 
the “X” is identical to the shortest path in the 5µm pore schematic (a).  
 
In this study we directly controlled both pore fraction and pore size through the use of sacrificial 
porogens and indirectly controlled the constriction factor.  In previous work we used a geometric model 
to determine the interconnection size of a given microstructure (8) and determined that the 
interconnection radius is 5.2µm for the substrates with 50µm pores (Figure 4.3b and Figure 4.4b).  We 
determined from a table by Petersen that, for this case, β=23 and the constriction factor is 0.35 (14).  
The interconnection radius for the 5µm substrates is 1.25µm, which, from the same table, results in a β 
of 3.7 and a constriction factor of 0.7 (Figure 4.3a and Figure 4.4a) (14).  The effect of constriction can 
be seen in Fig. 4.4, a particle in the smaller pore microstructure with relatively larger interconnections 
(Figure 4.4a) has a higher likelihood of exiting the pore than a particle in the larger pore microstructure 
with relatively smaller interconnections (Figure 4.4b).  Taking into account the pore fraction (Eqn. 4.1), 
the 60/5 substrates would have the highest diffusivity and, therefore the highest release rate and the 
50/50 substrates would have the lowest.    
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Figure 4.4 Illustration of the effect of constriction factor. (a) Schematic representation of the 5µm substrates with 
1.25µm interconnections and a β of 3.7.  In three different directions, the blue sphere, representing a diffusing 
particle, can exit the pore.  (b) Schematic representation of the 50µm substrates with 5.2µm interconnections and a 
β of 23.  The diffusing particle can only exit the pore in one of the three different directions.   
4.3.3 Protein release  
The NMP substrates released a significantly higher percentage of the incorporated protein than 
the MP substrates for all time points ( 
 
 
 
Table 4.1) (Figure 4.5a).  After 48 hours the NMP substrates had released 35.8±4% of their 
protein, compared to the MP substrates that released only 26.2±1%. 
The 60/5 substrates released the most protein of the three types of MP substrates (Figure 4.5b) and 
the difference was significant for the 60/5 versus the 50/50 substrates.  The release rate of the 50/5 
substrates fell between the two other MP substrates at all time points (Figure 4.5b) and the difference 
was not significant.  After 48 hours the MP substrates had released between 22 and 31% of their total 
incorporated protein.  After 118 hours, nearly five days, the percent release increased slightly, to 
between 24 and 34% (Figure 4.5b).  The total amount of protein released after 118 hours was between 
24.7 ± 1.4µg for the 50/50 substrates, 29.1 ± 1.1µg for the 50/5 substrates, and 32.3±2.1µg for the 60/5 
substrates.  After the initial burst release of protein that took place in the first 24 hours, the release rate 
stabilized.  Differences in release seen between microstructures were due to diffusion and not the 
amount of protein bound.    
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Table 4.1 Comparison of MP substrates. The high β value, corresponding to a constriction factor less than 1, 
combined with the lower pore fraction of the 50/50 substrates resulted in the lowest protein release rate. The 60/5 
substrates’ low β, corresponding to a constriction factor nearer to 1, combined with the high pore fraction resulted 
in the highest protein release rate. 
 
 
 
 
Figure 4.5 Protein release in NMP and MP substrates. (a) At each time point the NMP substrates released a 
higher percentage of the incorporated protein than the MP substrates (p=1.4E-4, 4.5E-4, 8.0E-4, 0.001). (b) The 
60/5 substrates had a significantly higher percentage of released protein at each time point than the 50/50 
substrates (p=0.003, 0.001, 0.001, 7.6E-4, 5.9E-4, 5.3E-4). The protein release for the 50/5 substrates fell between 
the 60/5 and 50/50 release, though there was no significant difference. 
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4.4 Discussion 
The objective of this paper was to demonstrate that microporosity influences incorporation and 
release of proteins and to identify the important microstructural characteristics affecting the protein 
diffusion out of the microporous network. The most significant result was that the constriction factor 
was the microstructural characteristic with the greatest influence.  This characteristic is related to the 
relative pore and interconnection sizes. Pore fraction was also important to the release rate.  Protein 
incorporation and release were measured for microporous (MP) HA substrates with three different 
microstructures (50/5, 50/50, 60/5) as well as for solid (NMP) HA substrates.  Incorporation was greater 
for MP versus NMP substrates, but there was no difference in the total protein incorporated among the 
three different microstructures considered. Results from the study suggest that microstructure along, 
and specifically constriction factor and pore fraction, without the addition of other carriers or coatings, 
could be used to control release.  
The three microstructures being compared incorporated statistically similar amounts of total 
protein. This result suggests that all three had sufficient surface area to bind the available protein and 
that the protein affinity for the HA was the limiting factor in incorporation for the MP substrates rather 
than available surface area.  Other proteins may have higher affinity for the material or be larger 
molecules and in such cases the available surface area may need to be considered.  The NMP substrates 
incorporated less protein simply because these substrates had less surface area available.   
The release rate, reported by the percent of total protein release, was sensitive to the 
characteristics of the microstructure for the MP substrates.  All MP substrates sustained release of the 
mBMP over at least 5 days.  The mBMP affinity for the HA was not a factor in the different release rates 
measured because it was the same for all samples.  However, if the affinity was greater, for example, 
this would play a role in the release and would extend the release time for all of the MP samples.  The 
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sustained release we measured overcomes the short, 7-16 minute, half-life of BMP in vivo (16,17) by 
providing a continuous source of un-metabolized BMP.   
As would be expected, the NMP substrates had a higher protein release rate than the MP substrates 
because the protein incorporated in the NMP substrates did not have to diffuse out of the substrates.  
After just 48 hours the NMP substrates had already released a higher percentage of bound protein than 
the MP substrates released after 5 days (Figure 4.5a-b).  The limited incorporation and rapid release 
makes NMP microstructures more suitable for defects or drugs in which a burst release is desirable.  
However, in the case of BMP in bone defects, a burst release would likely be less effective than a slow 
release because BMP-2 has a short half-life (16,17). 
The ability to control the release rate of drugs or proteins through the pore fraction and constriction 
factor (Eqn. 4.1 and 4.2, Figure 4.5b) provides additional variables for controlled drug release.  By 
increasing the pore fraction or increasing the pore interconnection size relative to the pore size, the 
release rate of the incorporated proteins and molecules will increase.  Likewise, decreasing either the 
pore fraction or the interconnection-to-pore-size ratio will result in a slow release (Eqn. 4.3): 
               ( )     (  )    (4.3) 
Microstructure thus provides a simple and effective way to administer drugs and proteins important for 
bone regeneration and healing with in a defect site.      
While much work has been done on drug release for tissue regeneration, specifically on drug release 
in HA scaffolds (3,4,18,19), no one has used only microstructure to control release rate.  Researchers 
have added drugs or growth factors to macroporous HA scaffolds (18) and calcium phosphate granules 
in ceramic cement (19).  Both approaches resulted in a relatively fast release (2).  Another approach for 
delivering drugs in an HA scaffold is by coating the scaffold with a drug-laden polymer such as 
poly(epsilon)-caprolactone (PCL) (3,4).  The gradual degradation of the polymer would slow the release 
of the protein or drug (3,4).  The release is made more difficult to predict, however, by variations in 
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polymer type and coating method.  These variations may explain the large reported range regarding the 
release rate of the drug in the coated scaffolds - after approximately 70 hours the percent of drug 
released ranges from 23% to 70% (3,4).  By using only microstructure to control drug release, variation 
from the coating method and specific polymer would be avoided and micropores would remain open to 
aid in cell localization and bone formation (7).  The direct and stable contact between the scaffold and 
the defect boarder would be maintained, which would increase the scaffold’s functionality (20).  Lastly, 
by avoiding the acidic degradation by-products of the polymer, defect healing would be less inhibited 
(21).   
4.5 Conclusion 
This chapter establishes that microstructure influences the incorporation and the sustained release 
of proteins from porous HA substrates and identifies the microstructural characteristics most important 
to the sustained release.  Localized and controlled drug delivery from tissue scaffolds has long been of 
interest to researchers who study tissue regeneration or tissue engineering (1–4).  Many researchers 
have studied carriers and coatings for drug release, however the use of specific microstructural 
characteristics, with no additional components, to control release from HA scaffolds has not been 
considered.  While microstructure has no effect on the total amount of incorporated protein for the 
three porous microstructures considered (Figure 4.2b), it does play an important role in the protein 
release rate (Figure 4.5b); constriction factor and pore volume fraction both change the release (Eqn. 
4.1, Figure 4.5b).  Constriction factor is related to the ratio of the pore size to the size of the 
interconnections between pores.  For the same pore fraction, a smaller constriction factor slows the 
release.  In our study this translates to a comparison between the 50/50 substrates and the 50/5 
substrates.  The 50/50 substrates, large pores with relatively small interconnections, had an 
interconnection area 23 times smaller than the area of the pores, resulting in a constriction factor of 
0.35.  The cross-sectional area of the interconnections for the 50/5 substrates was 4 times smaller than 
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the pores, resulting in a constriction factor of 0.7.  The 50/50 substrates had a slower diffusion rate than 
the 50/5 substrates, demonstrating that small constriction factors result in slower release rates.  Pore 
fraction also influences release and, while this is perhaps intuitive, in this study we quantify the release 
over time and compare it to the other microstructures.  Taken together this work identifies the primary 
factor influencing peptide release thereby providing a framework for rational design of microporous 
scaffolds for drug release.   
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5 Shearing and deposition effects on scaffold design 
5.1 Introduction 
One of the advantages of directed deposition fabrication over methods like free form fabrication 
is the high degree of control it offers over the macrostructure (1–4).  Form-fabrication uses varying 
amount of foaming agents and sintering temperatures (3) to generate a sponge-like macrostructure.  
Directed deposition allows for multiple regions of different macroporosity, and microporosity, within the 
same scaffold.  Until now, that was thought to be one of the main advantages of direct deposition. 
We provide evidence that direct deposition may have a further advantage – the flexibility and 
precision possible in macrostructure formation can be used to change the microstructure of the scaffold.  
As microstructure has been shown to influence the capillary force generated by the scaffold (5), and that 
changes in the microstructure affect cell and molecule penetration (6), macrostructure could potentially 
add another element in the rational design of scaffolds.  These changes in microstructure may influence 
bone formation within the scaffold. 
In this work we demonstrate that rod intersections have an increased capillary force and that 
that increase in capillary force may lead to a localization of bone at those intersections when implanted 
in vivo.  We first investigate the capillary forces in scaffolds made up of orthogonal microporous rods 
and in microporous substrates without macrostructure using fluorescent microspheres, as was done in 
Chapter 3.  We find that there is a higher concentration of microspheres at points or regions of rod-rod 
contact.  We then analyze micro-computed tomography (micro-CT) data from a previous in vivo porcine 
study (7–9).  Our preliminary analysis suggests that bone grows preferentially at rod intersections in 
microporous scaffolds.  Finally we analyze substrates made of three different microstructures without 
macroporosity and, again, observe that there is a greater penetration of microspheres where the 
different regions intersect.  By utilizing the strengths of direct deposition, we conclude that by simply 
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changing the number and location of rod intersections, scaffolds can be designed to target bone 
formation at specific sites.   
5.2 Materials and Methods 
5.2.1 Substrate fabrication: 
HA substrates were fabricated with direct deposition as described in Section 2.2.4.  Three 
different types of substrates were used: cylindrical substrates with orthogonal rods, hereafter called 
“scaffold”, 1-layer 50% 5µm sheets, hereafter called “single-material substrates”, and 1-layer sheets 
composed of three different microstructures, hereafter called “composite substrates”.  The scaffolds 
were made exactly as described in Section 2.2.4, the single-material substrates were fabricated exactly 
as described in Section 3.2.1.   
The composite substrates were composed of three different microstructures distinguished by 
their pore fraction (%) and pore size (µm).  These were 55% 50µm, 50% 5µm, and 60% 5µm substrates.  
Each region was deposited separately with a 0.61µm nozzle tip using the following parameters: 18 rows, 
15 columns, 1 layer, row spacing of 0.45mm, and layer height of 0.45mm.  
After one region was deposited, the ink was switched and the next region deposited such that is 
was in contact with the previously deposited region.  This was repeated for the third and final region.  
The drying and sintering process were described in Section 2.2.4. 
5.2.2 Scaffold and single-material fluorescence: 
The same 0.1µm diameter fluorescent polystyrene microsphere (Sphereotech) solution that was 
used in Section 3.2.5.2 was used for the experiments described here for the scaffold, single-material, 
and composite substrate experiments.  For the scaffolds, 30µl of the solution was pipetted onto a glass 
coverslip and the scaffolds suspended above the solution.  The scaffolds were lowered until they 
contacted the solution and were held in position until the scaffold was fully saturated with fluid.  
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Saturation was apparent because the solution visibly darkened the substrates.  The method described in 
Section 3.2.5.2 was repeated here for the single material substrates.  However, the microsphere solution 
did not contain the surfactant so that the aggregated microspheres would highlight areas with the most 
advantageous microstructure for penetration.   
Scaffolds were fractured with a razor blade in order to expose the interior of the scaffold prior 
to imaging with the fluorescent microscope.  Scaffolds and single-material substrates were imaged as 
described in Section 2.2.2. 
5.2.3 In vivo data image analysis: 
Based on the results from Chapter 3 demonstrating microstructural effects on particle 
penetration, we analyzed data from a previous in vivo study (7–10), to determine if regions of bone 
formation were localized to particular regions in the scaffold.  Briefly, in the in vivo study MP (50% 5µm) 
and NMP scaffolds were implanted in the mandibles of Yorkshire pigs.  These scaffolds were either 
implanted as fabricated or they were loaded with a 5% gelatin solution containing BMP-2 loaded gelatin 
microspheres.  The scaffolds were harvested at set time points and the bone formation visualized using 
micro-computed tomography (micro-CT).  Each micro-CT scan generated approximately 900 images.  In 
this analysis, each image in the data set was segmented into one of three categories or materials: 
background/soft tissue, bone, and scaffold using our custom software (10,11).   
For this study, we used an algorithm we developed previously that identifies bone voxels that 
are directly in contact with scaffold voxels (Matlab).  These are referred to as “bone interface” voxels.  
The image set containing all the bone interface voxels was viewed in a 3D overlay of an image set 
containing just the outermost voxels of the scaffold.  Together these sets provided a clear picture of 
bone growth directly in contact with the scaffold and in the vicinity of the rod intersections.    
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5.2.4 Composite substrate fluorescence: 
The same microsphere solution with surfactant used previously (Section 3.2.5.2) was poured 
into a multi-pipette tray.  The edge of each the composite substrate was brought into contact with the 
solution such that each of the three regions was in direct contact with the solution, for 20 seconds.  The 
composite substrates were imaged as described in Section 2.2.2. 
5.3 Results 
5.3.1  Scaffold fluorescence: 
In both the scaffolds and the single-material substrates, regions of increased fluorescence were 
identified.  This was seen in the fractured scaffold samples at intersections of the orthogonal rods 
(Figure 5.1a-c).  This preference was seen, perhaps more strikingly, in the single-material substrates 
(Figure 5.1d-e).  In these substrates the microspheres localized to the areas of contact between different 
microstructures. 
 
Figure 5.1 Fluorescent scaffold and single-material substrate images.  (a)-(c) Regions of increased fluorescence 
at points of intersection in the orthogonal scaffold rods. (d) and (e) Microspheres localizing to regions of rod-to-rod 
contact in the single-material substrates.  All scale bars = 500µm. 
 
We postulate that the increased microsphere penetration at points or regions of rod-rod contact 
is due to shearing and subsequent mixing during deposition.  When the ink, which is shear-thickening, is 
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sheared during deposition, the larger PMMA microspheres are entrained in the center of the rod (Figure 
5.2a).  However, when the deposition tip contacts or drags along a previously deposited rod, the PMMA 
microspheres mix (Figure 5.2b).  The mixing distributes the larger PMMA spheres between the two 
deposited rods.    
 
Figure 5.2 Schematic for deposition effects. (a) and (c) depicts direct deposition shearing the HA ink and entraining 
larger PMMA particles in the center of the deposited rod.  (c) A cross-section of the deposited rod.  (b) and (d) 
depicts the mixing that occurs as the deposition nozzle partially drags through a previously deposited rod. (d) A 
cross-section of the two adjacent rods. 
5.3.2 In vivo data image analysis 
Qualitative analysis of micro-CT data from the in vivo study suggests that there is a preference 
for bone formation at points or regions of rod-to-rod contact.  This increase in bone formation was seen 
more strongly in MP scaffolds (Figure 5.3a and c) than in NMP scaffolds (Figure 5.3b and d).   Little 
difference was seen between scaffolds with and without BMP. 
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Figure 5.3  In vivo bone pattern within direct deposition scaffolds. In these renderings, blue or green indicates the 
outermost voxels of the scaffold.  Gold indicates bone in direct contact with the scaffold.  White shows bone within 
the macropore but not in contact with the scaffold itself.  (a) and (c) are renderings of MP scaffolds implanted for 3 
weeks.  (a) was not loaded with BMP while (c) was loaded with BMP.  (b) and (d) are renderings of NMP scaffolds 
implanted for 3 weeks.  (b) does was not loaded with BMP and (d) was loaded with BMP.  While little difference is 
seen with the addition of BMP, the MP scaffolds appear to have bone more localized to the rod intersections.  All 
scale bars = 200µm.   
 
5.3.3 Composite substrate fluorescence 
The composite substrates provided perhaps the clearest evidence of the shearing and mixing 
effects described in Section 5.3.1 and Section 5.3.2.  In every substrate, the interface between regions 
exhibited a dramatically different microsphere penetration pattern as compared to the center of the 
region (Figure 5.4).  Additionally the microstructures that had been shown in Chapter 3 to have higher 
capillary forces demonstrated increased microsphere penetration compared to microstructures with 
lower capillary forces. 
86 
 
 
Figure 5.4 Microsphere penetration pattern in composite substrates.  (a) – (c) are fluorescent images of the 
composite substrates.  The dashed white line indicates a border between regions of different microstructures.  The 
solid white line highlights the penetration pattern.  Note that at each border region the penetration of the 
microspheres increases.  All scale bars = 500µm. 
5.4 Discussion 
The results presented in this chapter all suggest that macrostructure can be used to influence 
microstructure, and that macrostructure is an important element in design of scaffolds fabricated by 
directed deposition. 
The experiments showing penetration of the fluorescent microspheres with scaffolds, single-
material substrates, and composite substrates all indicate that structures made using direct deposition 
are not uniform at the microscale level.  We postulate that shearing of the HA ink during deposition and 
nozzle contact after deposition are responsible for this phenomenon.  When a fluid is extruded, a 
velocity profile is generated within the fluid.  In shear-thickening fluids, like the HA ink, the increased 
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shear results in an increase in the fluid viscosity (12).  Fluid further from the wall moves faster (12,13) 
and particles are drawn away from the wall (12) (Figure 5.2a and c).  Therefore the deposited rods will 
have non-uniform axial PMMA distribution. 
During the fabrication process for scaffolds and solid substrates, the deposited rods are 
modified as the structure is built.  For example, in scaffolds rods of HA are made by dragging the 
depositing ink over existing rods.  At each point of contact, slight mixing of the new and existing rods 
occurs.  In solid substrates, both the deposition tip and the new rod drag along the edge of existing rods 
as the rod spacing is less than the width of a deposited rod (Figure 5.2b and d).  The increase in contact 
over what was seen in the scaffolds increases the amount of mixing within the rods.  The composite 
substrates experience the most mixing because the overlap between regions is nearly a rod thick in 
order to ensure the structural integrity of the two different regions.  As the degree of mixing increases, 
the amount of PMMA particles brought to the surface increases.  The final result is an increase in the 
number and size of pores at the intersecting areas. 
The variation in microstructure within a scaffold or substrate is evinced by the non-uniform 
distribution of microspheres within the structure (Figure 5.1).  In each case – scaffolds, single-material 
substrates, or composite substrates - there is increased penetration of the microspheres at rod-rod 
intersections or lines of contact.  Applied to an in vivo environment, this means that those regions would 
imbibe and localize more cells and endogenous molecules (6) and likely result in localized bone growth.   
Analysis of the in vivo data qualitatively indicates an increase in bone formation at areas of rod-
rod intersection in MP scaffolds (Figure 5.3).  As this preference was not seen in the NMP substrates, we 
conclude that it is due to the increased capillary forces in those regions and not because of the cell’s 
affinity for HA.  We postulate that through the use of rod-rod intersections, scaffolds can be designed to 
encourage bone formation in specific regions of the defect.       
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5.5 Conclusions 
In this analysis we show that scaffolds fabricated by directed deposition localize the 
microspheres and influence microsphere and therefore small endogenous molecules.  Shearing of the 
fluid in directed deposition entrains the PMMA particles, the future micropores, in the center of the 
deposited rod.  Experimentally, rod-rod intersections localize more fluorescent microspheres, and 
potentially endogenous proteins than regions free from rod-rod contact (Figure 5.1 and Figure 5.2) 
because deposition of one rod across an existing rod, mixes the entrained PMMA particles so that the 
PMMA particles are not localized in the center of the rod (Figure 5.2).  By re-distributing the PMMA 
particles such that the pores that result after sintering are more numerous, these regions of mixing can 
generate greater capillary forces for particle penetration.  This is also seen along adjacent rods in the 
single-material substrates (Figure 5.1) and, most dramatically, at the borders of microstructure regions 
in the composite substrates.  In scaffolds capable of self-loading cells and molecules, MP scaffolds (6), 
bone forms preferentially at rod intersections (Figure 5.3).  We postulate that altered microstructure at 
these intersections results in enhanced bone formation.  Taken together, this suggests that the 
macrostructure, i.e. rod spacing and thickness, can be used to influence scaffold microstructure and 
bone formation. 
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6 Conclusion 
6.1 Summary 
In my work I investigated the mechanism and effects of capillary forces in bone scaffold design.  
I demonstrated that capillary forces generated by the microstructure are capable of drawing in cells, 
proteins, and drug carriers, and that penetration distance is a function of the microstructure as well as 
the cell size and mechanical properties (Chapter 2).  I showed that changes in pore size, pore fraction, 
and interconnection size affect penetration distances (Chapter 3).  Similarly, I demonstrated that 
microstructure can be altered to generate different protein release profiles (Chapter 4).  Finally, I show 
that the macrostructure, specifically the contact points of the rods, can be used to further control 
capillary forces and therefore control bone formation (Chapter 5).  The results presented in this work 
provide the necessary information for true rational scaffold design for cell and molecule penetration, 
drug release, and bone formation. 
6.2 Contributions 
Capillary force-induced cell penetration explains the presence of cells in micropores (1) (Section 
1.6). Furthermore, this mechanism results in a  more uniform bone distribution in microporous scaffolds 
improving bone formation (2) (Section 1.6). The micropore-induced capillary forces draw in cells and 
entrap them within the micropores localizing them throughout the scaffold. This localization creates a 
reservoir that serves as a nucleation site for bone formation. In addition, these reservoirs of cells serve 
to signal other cells thus propagating bone formation more rapidly. Moreover, this propagation of bone 
formation comes not just from the border of the scaffold, but from within the scaffold as well. With the 
generation of bone inside the scaffold micropores, we may potentially achieve improved mechanical 
properties of the scaffold as a result of creating a living composite. Understanding the capillary force-
induced cell penetration presented herein provides a firm explanation for observations in previous in 
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vivo studies that demonstrated the presence of cells within micropores. Our understanding of capillary 
force-induced cell penetration makes it apparent that the scaffolds used in those experiments were 
more optimally suited for cell penetration. 
More significant than proving capillary forces are responsible for loading cells, I determined the 
features that give rise to an increase in cell penetration distance as well as protein/drug release rate of a 
MP material.  With this understanding it is now possible to optimize, in the truest sense of the word, 
scaffold performance for both cell penetration and drug release rate (Figure 6.1). By properly applying 
boundaries to the parameters that drive the capillary forces (pore size, pore fraction, interconnection 
size), it is possible to perform Pareto optimization of scaffolds when trying to trade-off between release 
rate and penetration distance (3). Using such an optimization, it is possible to evaluate if a new 
proposed microstructure is as efficient as previously tested microstructures. Such an optimiation directs 
future research towards maximization of both penetration distance and prolong release rate of drug 
carriers. While this form of optimization is not addressed within this dissertation, it lays the foundation 
for future research into bone scaffold optimization. 
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Figure 6.1 Parameters effecting penetration distance and release rate.  The effects of pore size, pore fraction, and 
interconnection size on penetration distance and release rate are summarized here.  Note that improving cell 
penetration, for example, by changing the pore size may have negative effects on release rate.  Upper and lower 
bounds are defined on the right. 
Extending this more broadly, the parameters identified for cell penetration and drug release can 
be applied to polymer and metal bone scaffolds, to scaffolds for other tissue types, and can expand 
upon the use of capillary force in microfluidic devices (Section 1.5).  Using the size and cortical tension of 
the necessary cell type for regeneration of a particular tissue, the microstructure could be altered to 
preferentially draw in the particular cells while keeping out cells that would inhibit regeneration.  
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Similarly, a series of microporous substrates with different pore size, pore fractions, and 
interconnections could be used to sort a suspension containing many cell types. All of these applications 
result from a firm understanding of capillary force-induced cell penetration and allow for more rigorous 
engineering of microporous scaffolds and other porous biomedical devices. 
6.3 Future Work 
- The next task is to analyze previous in vivo data by measuring the location of bone formation 
and quantitatively determining if bone forms preferentially in regions of higher capillary force. 
Such analyses should only employ in vivo data from experiments in which the microstructure 
was capable of drawing in bone cells (as determined by interconnection size and pore size). 
- A further step in this work is to perform an in vivo study to prove that microstructures with 
different capillary forces and pore-interconnection sizes result in different levels or rates of 
bone formation. 
- Another step is to measure drug release profiles for more than just the mBMP used here – size 
and charge of drugs vary and affect diffusion out of a porous substrate. 
- Perhaps the biggest and most important task is to determine the functional dependencies of the 
parameters as presented in Eqn. 3.16 and 4.3.  While I determined which parameters are 
important for penetration and release, the relative importance of those parameters, and how 
changing each parameter either positively or negatively impacts performance (i.e. penetration 
distance and release rate), I have not identified the specific functions for each parameter.  These 
functions would have to be determined for each cell and molecule relevant to tissue formation 
before their precise penetration distance and release rate can be predicted. Evaluating the 
functional dependence of any single parameter represents a significant undertaking; however, 
that understanding brings us closer to being able to perform direct optimization of microporous 
scaffolds. 
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A Appendix 
 
A.1 CAM vascularization assays 
A.1.1 Introduction 
One of the primary concerns in tissue engineering is vascularization (1).  In order for a tissue scaffold 
to effectively heal a defect over 100-200µm, there must be adequate perfusion of fluid to remove waste 
and add nutrients and oxygen (2,3).  The natural post-implantation angiogenesis is normally not 
sufficient to sustain seeded cells or to support cells in the interior of the scaffold (3). 
Vascularization is typically stimulated by the inflammatory response from the surgical procedure 
and by growth factors (3).  Growth factors like vascular endothelial growth factor (VEGF) and basic 
fibroblast growth factor (bFGF) can be released by native cells or implanted with the scaffold (4).  
Implantation of scaffolds seeded with endothelial cells has also been used as a strategy for improved 
vascularization (4).  However, no one has been able to direct the blood vessel formation within the 
scaffold itself. 
In this work we present preliminary results suggesting that hydroxyapatite (HA) scaffold seeded with 
an HA-tetherable VEGF encourage vessel formation and that the macrostructure can help guide the 
direction of the vessels.  We first present an ex ovo chorioallantoic membrane (CAM) assay ideal for 
studying the progression of vacularization over a period of 3-4 days.  Next, we outline the custom 
segmentation program developed for quantitative analysis of the CAM images.  Finally we show images 
of two types of scaffolds with the tetherable VEGF – scaffolds with macro- and microporosity, known as 
microporous (MP) scaffolds and scaffolds with only macroporousity, known as non-microporous (NMP) 
scaffolds.  These images show that the vessels form along the channels of macropores and that the 
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vessels are highly integrated within the scaffold.  This work provides preliminary results suggesting that 
vessel formation could be guided by the structure of the HA scaffold. 
A.1.2 Materials and Methods 
A.1.2.1 Ex ovo CAM assay 
Fertilized white leghorn eggs from Spafas (Charles River Laboratory, Roanoke, IL) were 
incubated at 37°C and 60% humidity.  Eggs were rotated 180° manually every 4-6 hours or were placed 
in an egg incubator with an automatic turner.  After three days of incubation, the eggs were broken into 
a sterile 10cm diameter plastic petri dish (Figure A.1a).  Care was taken not to damage the yolk, and any 
eggs with a compromised yolk were removed from the incubator.  The eggs returned to the incubator 
for an additional 5 days (Figure A.1b). 
A.1.2.2 Scaffold fabrication 
Scaffolds were fabricated using direct deposition as described previously (5–8).  A 0.51mm 
diameter tip was used to generate a 4-layer, 1cm2 scaffold.  The macrostructure was the same as used in 
the in vivo pig study.  Scaffolds were sterilized prior to placement on the CAM. 
A.1.2.3 Vascularization assay 
After 8 days of incubation the scaffolds are placed on the CAM (Figure A.1c).  Microporous (MP) 
and non-microporous (NMP) scaffolds were used in these experiments.  Scaffolds were either placed on 
the CAM as-is or with tetherable VEGF.  To bind the VEGF, the scaffolds were placed in a 225µM solution 
of VEGF and PBS for 4 hours at 37°C.  Scaffolds not destined for implantation with VEGF are soaked in 
PBS.  Two scaffolds can be placed on one CAM, generally each CAM has one scaffold and one control – a 
1cm2 piece of sterile filter paper.  After placement on the CAM the scaffolds are imaged digitally with a 
Canon Mark II EOS 5D once per day for three additional days.  
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A.1.2.4 Image segmentation 
Vascularization images (Figure A.2a) are segmented by first pre-processing in Adobe Photoshop 
CS5.  Simple color selection is not possible as the yolk itself contains red hues (Figure A.2b).  An image is 
processed using a minimization filter.  The number of pixels used in the filter window is determined 
manually.  The number of pixels is increases until all of the vascularization is obstructed by the yolk.  
Then a maximization filter is run over the filtered image, using the same window size.  The twice-filtered 
image is subtracted from the original image to remove most of the background color of the yolk and the 
embryo, leaving the vascularization.  The final step in the pre-processing is cropping out the background, 
leaving just the CAM. 
Custom Matlab (R2011b) software is used for the actual segmentation of vasculature from the 
CAM.  A Guassian blur removes background noise and a local threshold segments background or yolk 
from the vasculature.  Parameters for the local threshold including window size and threshold value are 
modified for each image to ensure even small capillaries are detected.  An island filter identifies and 
removes small groups of pixels labeled as vasculature that are not connected to other vasculature.  
(a) (b) (c) 
Figure A.1 Phases in the ex ovo CAM assay. (a) Digital image of the embyo after 72 hours of 
incubation, immediately after opening into the petri dish.  (b) After 5 days of incubation the CAM begins 
to form just below the embryotic heart.  (c) After 8 days of incubation the scaffold (left) and control 
(right) are placed on the CAM. 
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A.1.2.5 Vasculature quantification 
After segmentation, the vascularization was measured by two methods (1) the fraction of CAM 
pixels labeled as vasculature was calculated to quantify total vascularization and (2) the average 
distance from a pixel not part of the vasculature to a pixel that was part of the vasculature was 
measured to quantify vessel density.  Both of these quantification methods were performed in Matlab 
using custom software Section A.3. 
A.1.3  Results and Discussion 
A.1.3.1 Segmentation 
The Matlab segmentation program (Figure A.2c) was able to identify vasculature pixels more 
accurately than simple color selection (Figure A.2b).  Color selection tended to over-select pixels 
towards the center of the CAM, near the embryo, and to under-select pixels at the edge of the CAM, 
beyond the yellow yolk.  The Matlab segmentation was able to identify these pixels more accurately.  
This allowed calculation of the vessel fraction and the average “distance to a vessel”.  In the example 
presented here (Figure A.2), the vessel fraction was 0.17 and the average distance to a vessel was 
285µm. 
 
 
(a) (b) (c) 
Figure A.2 Segmentation of CAM vascularization. (a) Un-segmented image after 10 days of incubation.  
(b)  Color selection segmentation of (a).  Note the over-identification of vasculature near the center of the 
image and the lack of identification of vasculature on the outer portion of the image.  (c) Final segmented 
image of (a).  Vasculature pixels are clearly identified throughout the image. 
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A.1.3.2 Macrostructure effects 
Both MP and NMP scaffolds with the mVEGF showed a high level of vessel incorporation (Figure 
A.3 and Figure A.4) and macropore guidance compared to the filter paper control (Figure A.3c).  The 
NMP images shown here (Figure A.3a-b), are actually the top and bottom of the same scaffold.  Note 
that the vessels are traveling perpendicular to each other, corresponding to the direction of the 
channels created by the macrostructure. 
 
 
 
 
 
The MP scaffolds show macropore guidance of vessels, but the blood vessels in the MP scaffolds 
have a much higher degree of infiltration (Figure A.4).  In the MP+VEGF scaffolds, vessels wrap around 
the HA rods (Figure A.4a) or weave through the internal macrostructure (Figure A.4b and c). 
 
 
 
 
 
 
 
(a) (b) (c) 
Figure A.3 Macrostructure effects of NMP+VEGF scaffolds. (a) Digital image of the top surface of an NMP scaffold.  
(b) Image of the bottom side of the same scaffold in (a).  The vessels show a strong preference for the channels 
formed by the macrostructure because the vessels shown here are within the same scaffold yet still perpendicular to 
each other. (c) A filter paper control also soaked in the mVEGF shows no such guidance or growth of vasculature. 
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A.1.4 Conclusion 
Vascularization has always been a limitation in tissue engineering (2,3).  The ability to enhance and 
control vessel formation could potentially increase the size of defects we can heal.  While many 
researchers have used VEGF to enhance bone formation (3), no one has been able to direct those 
vessels.  Our preliminary work suggests that a combination of VEGF and carefully tailored marcopores 
could be used to enhance and direct vascularization.  In addition to these observations, we have also 
developed an image segmentation program to aid in the quantification of future vascularization assays.  
  
(a) (b) (c) 
Figure A.4  MP+VEGF scaffold vascularization. (a) Scaffold demonstrating a high degree of vascularization via 
capillaries wrapping around scaffold rods.  (b) Example of a large vessel weaving through the internal 
macrostructure.  (c)  A large vessel sending small capillaries into the macrostructure before entering the 
macrostructure itself. 
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A.2  Microstructure simulation code 
 
radius=70;  %[um] 
length=50;    %[um] 
void=.50; 
  
rpart=25;        %[um] 
  
  
%% Making Packing %% 
volume=(2*radius)^2*length; 
vpart=volume*void; 
v1part=(4/3)*pi()*rpart^3; 
numpart=floor(vpart/v1part);        %rounding down to nearest whole particle 
  
  
imageSizeX=2*radius; 
imageSizeY=2*radius; 
imageSizeZ=length; 
[X,Y,Z]=meshgrid(1:imageSizeX,1:imageSizeY,1:imageSizeZ); 
  
totalvol=zeros(radius*2,radius*2,length); 
  
  
  
for i=1:numpart 
    not_done=1; 
    while not_done==1 
        centerX=floor(random('Uniform',0,2*radius+1)); 
        centerY=floor(random('Uniform',0,2*radius+1)); 
        centerZ=floor(random('Uniform',0,length+1)); 
        sphereOne=(Y-centerY).^2+(X-centerX).^2+(Z-
centerZ).^2<=(random('Normal',rpart,.5)).^2; 
         
        test=sphereOne+totalvol; 
        hits=find(test>1); 
         
        not_done=sum(sum(sum(hits)))>1; 
    end 
    fv=isosurface(sphereOne,0); 
    patch(fv,'FaceColor',[rand(1) rand(1) rand(1)]); 
    hold on; 
    totalvol=totalvol+sphereOne; 
    view(45,45); 
    axis equal; 
     
     
end 
not_done=1; 
 check=size(find(totalvol),1)/((2*radius)^2*length); 
    while check<=void 
        while not_done==1 
        centerX=floor(random('Uniform',0,2*radius+1)); 
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        centerY=floor(random('Uniform',0,2*radius+1)); 
        centerZ=floor(random('Uniform',0,length+1)); 
        sphereOne=(Y-centerY).^2+(X-centerX).^2+(Z-
centerZ).^2<=(random('Normal',rpart,.5)).^2; 
         
        test=sphereOne+totalvol; 
        hits=find(test>1); 
         
        not_done=sum(sum(sum(hits)))>1; 
        end 
        fv=isosurface(sphereOne,0); 
        patch(fv,'FaceColor',[rand(1) rand(1) rand(1)]); 
        hold on; 
        view(45,45); 
        axis equal; 
         
        totalvol=totalvol+sphereOne; 
        check=size(find(totalvol),1)/((2*radius)^2*length); 
        if check<void 
            not_done=1; 
        end 
    end 
  
     
  
view(45,45); 
axis equal; 
  
%% Finding the contact perimeter%% 
  
  
edgecount=zeros(length,1); 
areacount=zeros(length,1); 
for i=1:size(totalvol,3) 
     
layer=size(find(totalvol(:,:,i)),1);      % cross-sectional area of the pores 
bw2=bwperim(totalvol(:,:,i)); 
  
  
edgecount(i)=size(find(bw2),1); 
  
areacount(i)=size(find(totalvol(:,:,i)),1); 
  
end 
  
totalarea=(2*radius)^2; 
average=sum(edgecount)/length; 
average_area=sum(areacount)/length; 
area_void=average_area/totalarea; 
  
  
subplot(2,5,1);imshow(totalvol(:,:,1));subplot(2,5,2);imshow(totalvol(:,:,2))
;subplot(2,5,3);imshow(totalvol(:,:,3));subplot(2,5,4);imshow(totalvol(:,:,4)
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);subplot(2,5,5);imshow(totalvol(:,:,5));subplot(2,5,6);imshow(totalvol(:,:,6
));subplot(2,5,7);imshow(totalvol(:,:,7));subplot(2,5,8);imshow(totalvol(:,:,
8));subplot(2,5,9);imshow(totalvol(:,:,9));subplot(2,5,10);imshow(totalvol(:,
:,10)); 
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A.3 CAM segmentation code 
 
function eggclean() 
  
%% Inputs %% 
im=imread('Egg6_cropped.tif'); 
iml=imread('Egg6_label.tif'); 
row1=1; 
row2=1664; 
col1=430; 
col2=2337; 
gaussian1=20; 
P1=10; 
adaptivesize=11; 
adaptivethresh=0.0065; 
strelsize=1; 
P2=140; 
  
  
  
%% Load image, crop, select green channel, convert to double %% 
  
I2=im(row1:row2,col1:col2); 
Il2=iml(row1:row2,col1:col2); 
I2d=double(I2); 
I2dl=double(Il2); 
  
%% Gaussian smoothing %% 
  
h=fspecial('gaussian',gaussian1); 
img=imfilter(I2d,h); 
  
  
%% Adaptive Threshold: download adaptivethreshold.m from Guanglei Xiong 
(xgl99@mails.tsinghua.edu.cn)at Tsinghua University, Beijing, China %% 
 
J2=adaptivethreshold(img,adaptivesize,adaptivethresh,0); 
bwi=zeros(size(J2,1),size(J2,2)); 
for i=1:size(J2,1) 
    for j=1:size(J2,2) 
        if J2(i,j)==0 
            bwi(i,j)=1; 
        end 
    end 
end 
           
%% Island Filter #1 %% 
  
bw=bwareaopen(bwi,P1); 
  
  
%% Create structuring element and erode/dilate %% 
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se = strel('disk',strelsize); 
bwstrel = imclose(bw,se); 
  
%% Island Filter #2 %% 
bwstrel2=bwareaopen(bwstrel,P2); 
  
%% Masking for only CAM region %% 
bwsi=bwstrel2; 
for i=1:size(J2,1) 
    for j=1:size(J2,2) 
        if bwstrel2(i,j)==1 
            bwsi(i,j)=0; 
        end 
        if bwstrel2(i,j)==0 
            bwsi(i,j)=1; 
        end 
    end 
end 
  
bwsi=(bwsi+1).*I2dl; 
  
%% Counting pixels %% 
vesselonly=0; 
background=0; 
vessel=zeros(size(bwsi,1),size(bwsi,2)); 
for i=1:size(bwsi,1) 
    for j=1:size(bwsi,2) 
        if bwsi(i,j)==1 
            vessel(i,j)=1; 
            vesselonly=vesselonly+1; 
        end 
        if bwsi(i,j)==2 
            background=background+1; 
        end 
    end 
end 
% disp(vesselonly) 
% disp(background) 
  
    
  
%% Random Selection of non-vessel point %% 
COV=1; 
D_avep=50; 
k=3; 
COVp=2; 
while COV>0.1 
    points=k; 
    check=ones(points,1); 
    rrow=ones(points,1); 
    rcol=ones(points,1); 
    pointmat=zeros(size(I2,1),size(I2,2)); 
    imax1=size(I2,1); 
    imax2=size(I2,2); 
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    for i=1:points 
        while check(i) ~=2 
            rrow(i)=randi(imax1,1); 
            rcol(i)=randi(imax2,1); 
            check(i)=bwsi(rrow(i),rcol(i)); 
        end 
        pointmat(rrow(i),rcol(i))=1; 
    end 
     
    [a,b]=find(vessel); 
    X=[a b]; 
    NS=createns(X); 
    [IDX,D]=knnsearch(NS,[rrow rcol]); 
     
    for i=1:size(IDX) 
        if IDX(i)>size(X,1) 
            disp('Your theory about IDX values is wrong') 
        end 
    end 
    D_ave=mean(D); 
    D_dev=std(D); 
    COV=D_dev/D_ave; 
    deltaAVE=abs(D_ave-D_avep); 
    deltaCOV=abs(COV-COVp); 
    D_avep=D_ave; 
    COVp=COV; 
    Dpercent=deltaAVE/D_ave; 
    k=k+1; 
    if k>100 
        break 
    end 
    if deltaCOV<0.005 && k>40 
        break 
     end 
end 
  
% disp('Average distance') 
D_ave 
  
% disp('Percent change in average') 
% Dpercent 
  
% disp('COV') 
COV 
  
% disp('Standard Deviation') 
D_dev 
  
% disp('points') 
k 
 
